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Abstract 
The thesis describes the effects of the magnetic field in rolling contact tests of steel by using 
a two-disc machine and the investigation of its mechanism from contact stress analysis by 
using FEM and the magnetisation of a ferromagnetic substance. 
In the tests, two contact kinematic conditions, that is pure rolling and 10% rolling with 
sliding together with 1.1 and OAT [Tesla] of horizontal static magnetic fields created by 
permanent magnets were applied. The results of optical and scanning electron microscopy 
observations show that finer wear particles and smoother worn surfaces are produced in the 
presence of the magnetic field. For the generation of the finer wear particles, it is considered 
necessary that the subsurface crack initiation point is moved towards the surface due to the 
magnetic field. 
Wear amounts of the discs are lowered III the magnetic fields under the pure rolling 
conditions. However, at 100/0 rolling with sliding, the wear amounts are increased in the 
magnetic fields even though finer particles and smoother surfaces are observed. Both 
tendencies are unified by calculating the number of cycles required to generate wear particles, 
which are reduced due to the magnetic field's presence. 
F or these mechanisms, it is considered that domain walls near the contact region are caught 
by dislocations when the specimen is magnetised and part of the energy for magnetisation 
activates the dislocation movement resulting in crack initiation. 
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Chapter 1 Introduction 
1.1 Introduction 
The phenomenon of friction and wear is common in daily life. Various measures have been 
taken to combat it. In recent years, the study of friction and wear, known as 'tribology', and 
the understanding of underlying mechanisms involved are improving. However, there are still 
many unsolved problems. 
Rolling contact fatigue, one of the causes of wear, also involves unsolved problems 
although it has been studied in a variety of ways in order to prevent damage and to extend the 
life of machine elements. Rolling contact fatigue is a fracture phenomenon taking place at the 
interface of rolling contacts such as roller bearings and gears. Wear particles, in the form of 
flakes, are usually generated within the contact zone. At the subsurface of contacting bodies, 
strain is stored up due to the cyclic nature of contact loading. In addition to loading conditions, 
many other factors such as, for example, the dynamics of the contact and lubrication affect 
rolling contact fatigue. 
A recent trend in engineering is to combine traditional mechanical engmeenng with 
well-established electrical and electronic engineering in order to develop many new 
electromechanical products that are used in everyday life. When designing such products, it is 
necessary to consider the effect of new factors that have not been taken into account before. The 
magnetic field is such a new factor. 
Magnetic fields are generated in various mechanical and electronic devices such as motors, 
power generators, etc. It is important to consider the tribology of their constitutive 
components and to understand the influence of the magnetic field on their performance in 
order to prevent premature failure and to achieve higher energy efficiency. 
Chapter 1 Introduction 
The main objective of this study is to investigate the effects and mechanisms by which the 
magnetic field affects the operation of a model rolling contact. Another objective is to 
evaluate the mechanism of crack propagation under the influence of the magnetic field. These 
objectives are accomplished by using contact mechanics theory, magnetism theory, and 
surface and sub-surface observations with the aid of an optical and scanning electron 
mIcroscope. 
1.2 Background 
The effect of the magnetic field on friction and wear processes has been studied, 
experimentally and theoretically, by a number of researchers. A summary of the history in the 
study is shown in Appendix A. In 1970s, Muju (1) (2) (3) (4) was possibly the first to observe the 
magnetic field's effects on wear by carrying out pin-on-cylinder tests on various 
ferromagnetic and non-magnetic materials with different sliding velocities. From the results, 
as shown in Figures 1.1 and 1.2, the effects of magnetic fields on adhesive wear are 
determined in terms of hardness of rubbing surfaces, sliding velocity, and magnetic 
permeability. He pointed out that dislocation mobility in ferromagnetic materials is affected 
by magnetic fields and residual stress is relaxed. To give an example of the residual stress 
relaxation, he showed the decline of yield stress of mild steel in magnetic fields as seen in 
Figure 1.3. 
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The effect of magnetic field is connected with the atmosphere around the rubbing surface 
due to the paramagnetism of oxygen, which is weakly magnetised by magnetic fields and it 
sometimes make a contribution to wear. Hiratsuka and Sasada (5) observed severe-mild wear 
transition and reduction in wear and the friction coefficient in air due to magnetic field during 
pin on disc experiments carried out for Ni-Ni and Fe-Fe contacts. In contrast with that, as 
shown in Figure 1.4, in Ar and N2 gas atmosphere conditions, severe-mild wear transition did 
not occur. The results are interpreted in terms of accelerated oxidation of debris and their fine 
size. A similar trend in wear rate was also observed for Cu-Fe and Zn-Fe contacts (6). 
Pin Atmos. Disk I 
CJ Ho ~ Zn Argon Fe ! 
-
Hn I 
I 
Zn Air Fe 
14 10 5 o Wear. mg -2 0 5 10 15 20 
Figure 1.4 Comparison of magnetic effect on wear of Zn/Fe in air and in Ar gas~ Hn=3 700[Oe]~ 
Ho=O.5[Oe] (6) 
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Kumagai (7) also examined the reasons for reduction of wear of Ni-steel contacts in the 
magnetic field. The lubrication effect of very fine particles was put forward as an explanation 
for the observed reduction in wear rates. From the observation, the size of fine particles was 
found to be 5-10Jlm in diameter as shown in Figure 1.5. Zaidi (8) (9) (10)(11) found an increase in 
micro-hardness of the interface. Also, accelerated oxidation and diminution of wear debris were 
observed. 
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Figure 1.5 Magnetic effect on the particle size distribution for each sliding interval (7) 
As a factor of atmospheres, polarity of lubricants is also affected by magnetic fields. 
Yamamoto (12) found a change in surface contact potential under boundary lubrication 
conditions with oils containing fatty acids in a ball-on-disc contact tested in magnetic fields. 
The results indicate that polar substances in the oil raise the critical temperature of the friction 
coefficient. 
On the other hand, alternation of wear condition in the same contact state due to the 
magnetic field is reported. Mansoli (13) (14) (15) (16) (17) (18) observed the transformation in tool 
wear tests with the magnetic field. Abrasive wear without magnetic fields is transformed, in 
the presence of the magnetic field, to fracture due to the shift of shear stress to the subsurface 
region. Also, a decrease in wear, a lower friction coefficient, an increase of hardness of 
5 
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magnetised steel surface and a rise in temperature of rubbing surfaces were observed. 
Moreover, an irregular shape of cutting chips was observed when the magnetic fields were 
applied. Cracks in the subsurface region, seen in Figure 1.6, were observed by Zaidi and Chin. 
(8) (10) ( \ \) (19) (20) They also observed a reduction in wear, stabilisation in friction coefficient, and 
the formation of an oxide layer on the rubbing surface with the magnetic fields. In addition, 
they pointed out that these effects are pronounced beyond 2000 AIm of the magnetic field 
around the specimens. Increase in specimens' temperature due to magnetic fields was reported 
by Bataineh (2 \ ) who performed FEM analysis. According to him, surface temperature of 
specimens is increased by approximately 17°C due to energy transformation delivered by 
magnetic pulse effect. 
From fretting wear tests in magnetic fields, Sato (22) reported an increase in wear amount 
due to abrasive effect of oxidised wear particles as shown in Figure 1.7. Bhat (23 ) pointed out a 
drop in fatigue limit of mild steel in magnetic fields presence and concluded that the reason 
for the change is dislocation mobility alteration by magnetic fields as shown in Figure 1.8. 
(a) 
Figure 1.6 Cross section of the tested steel pin; (a) without magnetic field and (b) magnetic field 
(H=6 kAlm) ( 19) 
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Figure 1.7 Photographs of wear scar on specimens fretted in vacuum and in air (22) 
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Previous studies of the mechanism of wear in magnetic fields point to a number of factors 
which should be considered: 
1) Ferromagnetic wear particles behaviour due to magnetic force. 
2) Accelerated oxidation of rubbing region due to paramagnetism of oxygen. 
3) Alteration of material properties due to magnetisation. 
Wear in magnetic fields is assumed to be influenced by these factors. Besides, various 
phenomena shown in the studies are linked in a complex way with these factors. Considering 
the factors individually, leads to the conclusion that behaviour and the role of ferromagnetic 
wear particles is the only simple phenomenon. However, in magnetic fields, oxidised wear 
particles will be more harmful for the contact due to paramagnetism of oxygen. Moreover, 
accelerated oxidation does not only affect wear particles but also rubbing surfaces. As a result, 
these phenomena make the mechanism complex. More specifically, highly oxidised wear 
particles, affected by a magnetic force operating between rubbing surfaces, act both as 
abrasive and lubricating agent depending on their conditions. Considering the effect from the 
property of ferromagnetic materials point of view, the relationship between the movement of 
domain walls in the magnetisation process and dislocation can be suggested. Ferromagnetic 
materials such as Fe and Ni have a domain structure composed of magnetic domains and 
domain walls. In the magnetic field, extending magnetic domains and aligning them with the 
field magnetise ferromagnetic materials. Simultaneously, other domains reduce their areas and 
the borders between domain walls move the during magnetisation process. Non-magnetic 
inclusion, such as dislocation, acts as resistance to the movement. It can be observed as 
Barkhausen noise (24) and utilized for a non destructive inspection. Additionally, Makar (25) (26) 
pointed out that a hysteresis loop of steel is changed by loading as shown in Figure 1.9. From 
these results, it is confirmed that magnetic fields affect mechanical properties of 
ferromagnetic materials. 
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Figure 1.9 Effects of stress on hysteresis loop for carbon steels (25) 
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1.3 Research Objectives 
The objective of this research project is to experimentally investigate the effect of magnetic 
fields on rolling contact operation and performance and to evaluate the mechanism involved. 
In order to accomplish the objective, rolling contact tests are carried out as a function of 
magnetic field density, direction of magnetic field and the speed under different contact 
conditions. For evaluation of the mechanism, contact mechanics theory and magnetism theory 
are used to explain the results. 
1.4 Outline of Thesis 
This thesis is presented in seven chapters, following the introduction in Chapter 1. Chapter 2 
presents the general background information and previous experimental work related to the 
fatigue performance of rolling or rolling/sliding contact. This chapter is composed of three 
main sections. The second and third sections give a general background into the characteristic 
of rolling contact fatigue and theory of rolling contacts. 
Chapter 3 introduces magnetisation of ferromagnetic substances, explaining domain 
structure of ferromagnetic substances and the magnetisation process under magnetic fields in 
connection with energy equilibrium. In addition, the connection between magnetic field and 
stress field is described. 
Chapter 4 is concerned with the experimental set up and the mam programme of 
experimental testing. Section two describes the mechanical and magnetic properties of 
specimens. Section three gives detailed description of the testing apparatus for pure rolling 
and rolling with sliding experiments. The test procedure is outlined in section four and five. 
Section six presents the wear measurements, optical and scanning electron microscope 
observations and surface roughness characterisation. Section seven gives results of 
mechanical and magnetic modelling using a finite element method. 
10 
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Chapter 5 presents the experimental results obtained during pure rolling and rolling with 
sliding tests. The experimental results in pure rolling condition are presented in section two. 
In there, the effects of magnetic field in different magnetic densities, different rotational 
speeds of discs, different angles of magnetic fields, and the effect for non-magnetic 
substances are contained. Section three presents the effects of magnetic fields at rolling with 
sliding condition. In this section, the effects of the magnetic field in different magnetic 
densities, different angles of magnetic fields, and the effect for pure sliding condition are 
described. 
Chapter 6 presents the discussion of the results. The effect of the magnetic field on contact 
performance is described in section two. The second section deals with contact conditions of 
the specimen without a magnetic field using ANSYS analysis. Rolling contact characteristics 
under the magnetic field is presented in the third section. And the fifth chapter suggests the 
Mechanisms of magnetic effect in rolling contact applying a magnetisation and crack initiation 
model with dislocation behaviour. 
Chapter 7 presents the main conclusions of the study. A summary of the results and the 
contribution of the work, areas for further research and development are also outlined. 
II 
Chapter 1 Introduction 
(1) M.K. Muju and A. Ghosh, "A model of adhesive wear in the presence of a magnetic field", Wear. Vol. 
41, (1977), pp.l 03-116. 
(2) M.K. Muju and A. Ghosh, "A model for cross diffusion across a sliding contact in the presence of a 
magnetic field", Wear, Vol. 53, (1979), pp. 35-42. 
(3) M.K. Muju and A. Radhakrisna, "Wear of non-magnetic materials in the presence of a magnetic field", 
Wear, Vol. 58, (1980), pp. 49-58. 
(4) M.K. Muju and A. Ghosh, "Effect of a magnetic field on the diffusive wear of cutting tools", Wear, Vol. 
58, (1980), pp.137-145. 
(5) K. Hiratsuka, T. Sasada and S. Norose, "The magnetic effect on the wear of metals", Wear, Vo1.110, 
(1986), pp. 251-261. 
(6) K. Hiratsuka and T. Sasada, "Wear of metals in a magnetic field", Wear, Vol. 160, (1993), pp. 119-123. 
(7) K. Kumagai, K. Suzuki and O. Kamiya, "Study on reduction in wear due to magnetization", Wear, Vol. 
162-164, (1993), pp. 196-201. 
(8) H. Zaidi, L. Pan, D. Paulmier and F. Robert, "Influence of a magnetic field on the wear and friction 
behaviour ofa nickellXC 48 steel couple", Wear, Vol. 181-183, (1995), pp. 799-804. 
(9) D. Paulmier, H. Zaidi, R. Bedri, E.K. Kadiri, L. Pan and Q. Jiang, "Steel surface modifications in 
magnetised sliding contact ", Surface and Coatings Technology, Vol. 76-77, (1995), pp. 583-588. 
(10) H. Zaidi and A. Senoui, "Influence of magnetic field on surface modification and the friction behavior 
of sliding couple aluminiumlXC 48 steel ", Surface and Coating Technology, Vol. 120-121, (1999), pp. 
653-658. 
(11) H. Zaidi, K.J. Chin and J. Frene, "Analysis of surface and subsurface of sliding electrical contact 
steel/steel in magnetic field", Surface and Coatings Technology, Vol. 148, (2001), pp. 241-250. 
(12) Y. Yamamoto and S. Gondo, "Effect of a magnetic field on boundary lubrication", Tribology 
International, Vol. 20, (1987), pp. 342-346. 
(13) M. El Mansori, H. Zaidi, E.K. Kardiri and D. Paulmier, "Surface modifications of a non-ferromagnetic 
copper/ferromagnetic steel XC48 couple in magnetized sliding contact", Surface and Coatings Technology, 
Vol. 86-67, (1996), pp. 511-515. 
(14) M. EI Mansori, M. Schmitt and D. Paulmier, "Role of transferred layers in friction and wear for 
magnetized dry frictional applications", Surface and Coatings Technology, Vol. 108-109, (1998), pp. 
479-483. 
(15) M. EI Mansori, D. Paulmier, 1. Ginsztler and M. Horvath, "Lubrication mechanisms ofa sliding contact 
by simultaneous action of electric current and magnetic field", Wear, Vol. 225-229, (1999), pp. 1011-1016. 
(16) M. EI Mansori and D. Paulmier, "Effects of selective transfer on friction and wear of magnetised 
steel-graphite sliding couples", Applied Surface Science, Vol. 144-145, (1999), pp. 233-137. 
(17) M. EI Mansori, F. Pierron and D. Paulmier, "Reduction of tool wear in metal cutting using external 
electromotive sources", Surface and Coatings Technology, Vol. 163-164, (2003), pp. 472-477. 
(18) M El Mansori, V. Iordache, P. Seitier and D. Paulmier, "Improving surface wearing of tools by 
magnetization when cutting dry", Surface and Coatings Technology, Vol. 188-189, (2004), pp. 566-571 
12 
Chapter 1 Introduction 
(19) K.J. Chin, H. Zaidi, M.T. Nguyen and P.O. Renault, "Tribological behaviour and surface analysis of 
magnetized sliding contact XC 48 steelIXC 48 steel", Wear, Vol. 250, (2001), pp. 470-476. 
(20) K.J. Chin, H. Zaidi, T. Mathia, "Oxide film formation in magnetized sliding steel/steel of the contact 
stress field and film failure mode", Wear, Vol. 259, (2005), pp. 477-481 
(21) O. Bataineh, B. Klamecki and B.G. Koepke, "Effect of pulsed magnetic treatment on drill wear", 
Journal of Materials Processing Technology, Vol. 134, (2003), pp. 190-196. 
(22) K. Sato, T.A. Stolarski and Y. Iida, "The effect of magnetic field on fretting wear", Wear, Vol. 24 L 
(2000), pp. 99-108. 
(23) I.K. Bhat, M.K. Muju and P.K. Mazumdar, "Possible effects of magnetic fields In fatigue", 
International Journal of Fatigue, Vol. 15, (1993), pp. 193-197. 
(24) H. Barkhausen, Z. Phys., Vol. 20, (1919), pp. 40l. 
(25) J.M. Makar and B.K. Tanner, "The in situ measurement of the effect of plastic deformation on the 
magnetic properties of steel: Part I - Hysteresis loops and magnetostriction", Journal of Magnetism and 
Magnetic Materials, Vol. 184, (1998), pp. 193-208. 
(26) J.M. Makar and B.K. Tanner, "The in situ measurement of the effect of plastic deformation on the 
magnetic properties of steel: Part II - Permeability curves", Journal of Magnetism and Magnetic Materials, 
Vol. 187, (1998), pp. 353-365. 
13 
Chapter 2 Mechanisms of Rolling Contact Fatigue Wear 
2.1 Introduction 
Rolling contact fatigue wear is one of wear phenomenon producing wear particles and 
surface damage called 'pitting', due to the cyclic nature of contact and friction loads. The 
particles are generated by cracks propagating on the surface or in the subsurface region of 
contacting materials. Thus, to consider the theory of rolling fatigue, an understanding of the 
mechanisms of crack initiation at rolling contacts is necessary. Although many researchers 
have studied it and many things have been clarified, some issues are still unresolved. 
The objective of this chapter is to review current knowledge of rolling contacts and to 
provide some background for the various aspects involved. 
2.2 Characteristic of Rolling Contact Fatigue Wear 
Rolling contact fatigue wear is characterised by the formation of large wear fragments after a 
critical number of revolutions. Prior to this critical point, a negligible amount of wear takes 
place and a rolling contact will operate normally until the wear particles are detached, and the 
useful life of the contact is terminated. This is in marked contrast to the wear experienced in 
sliding contacts where, due to adhesion and abrasion, wear results in a gradual deterioration of 
contacting surfaces from the start of running. From this, it can be seen that the amount of 
material removed by fatigue wear in rolling contact is not a very useful parameter for 
performance assessment. Much more relevant is the useful life of a contact in terms of number 
revolutions or time at a given speed. 
The definition of life of a bearing used by manufacturers is the number of revolutions which 
are reached or exceeded by 90 per cent of similar bearings and expressed by load conditions as 
main parameters. For the case of bearings, the equation for the lifetime is based on Palmgren's 
1.+ 
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theory (1). It was adopted in 1962 as ISO R 281-1962 and is currently used with some 
modifications. 
(2.1) 
where: 
L - Rating life (x106 revolutions) 
C - Static load rating 
P - Dynamic equivalent load 
p - 3 for ball bearings, 10/3 for roller bearings 
As seen in Equation (2.1), the main factor to determine a bearing's life is mainly the load 
condition. However, many other parameters influence a bearing's life and their interaction 
makes rolling contact fatigue a complex matter. 
Rolling contact fatigue wear is classified by origins of crack initiation. One is surface crack 
and the other is subsurface crack. The starting point of surface crack is thought to be due to 
surface roughness or contamination in lubricating medium. At a certain point, concentrated 
contact stress initiates a crack and the crack propagates to subsurface. When the crack grows to 
a certain length in the subsurface region it emerges on the surface again, and the wear particle 
is formed. In the case of surface crack, the shape of wear debris produced by it is shown in 
Figure 2.1 (a). It is arrowhead shaped and spread radially from the initiation point. Shape of its 
cross section depends on the initiation point and angle. On the other hand, wear particle 
produced by subsurface crack, shown in Figure 2.1 (b), has the bottom section flat shaped and 
parallel to the surface. It indicates that the subsurface crack is initiated and propagated by 
maximum shear stress parallel to the surface. Wear particles are formed by cracks emerging to 
the surface. 
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(a) Surface initiation (2) 
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b B 
b ·~~- B 
(b) Sub surface initiation (3) 
Figure 2.1 Surface photographs and section profiles of two pitting fonns 
2.3 Theory of Rolling Contact Fatigue Wear 
2.3.1 Contact Stress Distribution within the Cylinders 
As mentioned in previous section, the main factor in estimating rolling contact is the load 
condition. Due to the cyclic load applied to the contact region, a crack is initiated at the 
rolling contact fatigue. Therefore, to consider the crack initiation model, it is necessary to 
understand the distribution of the nearby contacting region. 
Hertz (4) was the first to recognise that when non-conforming bodies contact, the stresses 
created could be analysed independently of the geometry and the state of stress in the bodies as 
a whole. 
As shown in Figure 2.2 (5\ when two cylindrical bodies with their axes both lying parallel to 
the y -axis in a coordinate system are pressed in contact by a force P per unit length , the 
problem becomes a two-dimensional one. They make contact over a long strip of wid th 20 
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lying parallel to the y-axis. The half width of contact a and the pressure distribution along the 
x-axis due to P is expressed by Equation (2.2) and (2.3) (6). 
(a) contacting cylinders Contact zone 
y 
( 2a ) 
(b) pressure distribution 
Figure 2.2 Pressure distribution of two cylinders (5) 
4PR' a 2 = __ 
JrE' 
2P (2 2 \1 /2 p(X) = -2 a - x J 
1lX1 
111 
-=-+-
R' R1 R2 
where: 
a - Half width of contact 
P - Force per unit length 
R '- Mutual radius of curvature 
R j , R2 - Radii of both cylinders 
E '- Effective Young's modulus 
(2.2) 
(2.3) 
E j , E2 - Young's moduli for both materials 
Vj, V2 - Poisson's ratio for both materials 
x - Position of any point within the contact. 
Maximum contact pressure is expressed by Equation (2.4) 
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_ 2P _ (PE'JI/2 
P ---o - .D' 
J[Q Jr1\. 
(2.4) 
The stress components within both the cylinders in a plane stress condition are given by 
Flamant (7) as shown in Equations (2.5). 
(j = _ 2z r p(s Xx - S )2 ds _ ~ r q(s Xx - S )3 ds 
x a Sf )2 2 }2 a Sf )2 2 }2 Jr l\X - s + Z Jr l\X - s + z (2.5a) 
(2.5b) 
r = _ 2Z2 r p(S Xx - s }ds _ 2z r q(S Xx - s Y ds 
:ex a J.( )2 2 }2 a Sf )2 2 }2 Jr ~X-S +Z Jr l\X-S +Z (2.5c) 
These integrals were evaluated by McEwan (8) and expressed by Equations (2.6). 
{ ( 2 2) } { ( 2 2) } Po z +n qo z -m (j x = - - m 1 +   - 2z + - n 2 -  - 2x a m +n a m +n2 (2.6a) 
(2.6b) 
( 2 2) {( 2 2 ) } Po m -z qo Z +n (rzx) =--n 1- -- 1+ -2z q a m2 + n2 a m2 + n2 (2.6c) 
(2.6d) 
2 1 [Sf 2 2 2 \2 4 2 211/2 (2 2 2)~ 
n ="2 ~a - x + z J + x z S - \a - x + z J (2.6e) 
Additionally, the maximum shear stress for the plane strain condition is given by the radius 
of the Mohr's stress circle, defined by Equation (2.7). 
r _ U x -u:: [( )2 ]1/2 
zx,max - 2 + T .:x (2.7) 
Stress distributions for the plane strain condition and the contour of maximum shear stress 
are presented in Figure 2.3. According to them, the greatest value of Tn:. max is O.30po and it 
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occurs below the surface at a depth of O.78a. Therefore, yield is considered to occur at the 
depth and it suggests subsurface crack initiation. 
-1.0 o 0.5 
0.5 ---\---~r---1---_ 
1.0 ------\----1f-.-.\----i 
1.5 -----\---+--l-l--
2.0 -----+--+--1 
(a) 
z 
a 
I.S x/a 
(b) 
Figure 2.3 Distributions of contacting cylinders ( a) subsurface stress along the axis of symmetry, 
(b) contours of maximum shear stress '--x, max (6) 
2.3.2 Slip at Surface Contact 
The solution to the two-dimensional contact problem of rolling cylinders transmitting a 
tangential force was fIrst presented by Carter (9) and discussed in more detail by Poritsky (10) in 
connection with the action of a locomotive driving wheel. The summary is presented in this 
section. 
Figure 2.4 Rolling under the action of a tangential force (11) 
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As shown in Figure 2.4, a two-dimensional contact model, applying a tangential force Q 
upon the Hertzian contact is considered. In the condition, a slip in the surface contact region 
will occur due to the stress caused by tangential traction at rolling contact. The relationship 
between the tangential traction and the normal pressure in the contact is assumed to obey 
Amonton's law of sliding friction: 
\Q\ = f.1 
P 
(2.8) 
If there were complete slip the tangential traction would be given by condition \q{x ~ = J.lP{x) . 
2PPg2 X'= q{x} = J.lP{x}=- 1--
1T£l a
2 (2.9) 
This traction produces tangential surface strains in the contact area given by 
au' 4PPkx 
-=-
where: 
1-v2 k=--
7rE 
(2.10) 
To obtain a region of no-slip a second tangential traction given by 
(2.11) 
Acting over the strip of width 2a' is added to X'. The strains due to X", by analogy with 
Equation (2.10), are given by 
au" =(a')2 4ppk{x+c) = 4ppk{x+c} 
ax a a'2 a2 (2.12) 
Thus the net strain within the inner band is 
au au' au" 4PPkc 
-=-+-= =const. 
ax ax ax a 2 
(2.13) 
These distributions of traction and strain are illustrated in Figure 2.5. 
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Applying Equation (2.13) to each body in turn and remembering that the traction on the 
lower surface is opposite in sign to that on the upper produces, 
(2.14) 
This result establishes that there is no slip over the strip on which X" acts. The value of a ' is 
determined by the equilibrium of the integrated traction X with the applied force Q, whence 
(2.15) 
In his presentation of the theory, Poritsky was uncertain what factor controlled the position of 
the locked region specified by value of c. In the discussion, Cain (12) showed that the locked 
region coincided with the leading edge of the contact strip, whereby c had the value a-a '. 
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2.3.3 Mechanisms of Crack Initiation in Rolling Contact Fatigue Wear 
Merwin and Johnson (13) analysed plastic defonnation at rolling contact theoretically and 
reported the behaviour of materials and their residual stresses under rolling contact. When a 
structure or mechanical component is subjected to repeated loading, its response depends 
upon the ratio of the amplitude of the maximum stress to the yield strength of the material. 
Concerning these results to crack initiation, yield condition near the contact region is taken 
to be governed by von Mises' shear strain-energy criterion in the contact region, defined as 
Equation (2.16a). 
where: 
TR,Y- Von Mises' shear strain-energy criterion to yield 
O"y- Yield stress 
(2.16a) 
To simplify it, considering the model in plane stress condition, Equation (2.16a) can be 
expressed as (2. 16b). 
(2.16b) 
where: 
O"y=v (O"x+o-z) 
v - Poisson's ratio (=0.3 for steel) 
For example, as shown in Figure 2.6, at condition of j.FO, standing po for the maximum 
contact pressure and a for the half width of contact, the maximum value of von Mises' stress 
takes TR,max=0.322po at depth e=0.705a (14). From these results, it can be suggested the first 
yield will occur at there and reach to subsurface crack initiation. 
In addition, by applying friction force into the contact, the crack initiation point is moved to 
the surface. Specifically, at j.FO.05, TR,max is 0.323po at the depth e=0.696a (15). On the other 
hand maximum shear stress Tzx max, obtained from Mohr's stress circle, defined by Equation 
, ' 
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(2.7) also indicates a tendency to initiate crack at the subsurface, £zx,max=O.250po at e=O.5a(l4) 
in the condition of jFO and £zx,max O.265po at e=O.5a in the condition of jFO.05(l5). 
~ 1 
p 
=0.322 
Po 
----~~--.---------IO 
=0.25 
(b) jFO.05(\5) 
X 
.0, 
......... 
N 
x 
Figure 2.6 Distributions of £R/PO in jFO and jFO.05 
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Considering the stress distributions, when j.FO, yield fIrst occurs at a point beneath the 
surface where the maximum contact pressure PO= 110. 322k= 1.79 O"y (the value of 1.79 depends 
on contact conditions such as geometry or yield conditions). Beyond the yield point, 
• shakedown' under repeated loading will be happening when p0=4k=2.310"y. Under this 
condition, in the fIrst pass of repeated loading, the elastic limit is exceeded and some plastic 
deformation will take place thereby introducing residual stress. In the second passage of the 
load, the material is subjected to the combined action of the contact stresses introduced in the 
previous pass. Generally speaking such residual stresses are protective in the sense that they 
make yielding less likely on the second pass. It is possible that after a few passes the residual 
stresses build up to such a value that subsequent passes of the load result in entirely elastic 
deformation. 
When the load exceeds the shakedown limit, orthogonal plastic shear would occur in the 
subsurface elements Band D shown in Figure 2.7. According to experiments in free rolling 
condition by Crook (16) and Hamilton (17), these amounts are not the same. Permanent shear at 
element D was slightly larger than that of B and it causes cumulative deformation and forward 
displacement in the surface layers shown in Figure 2.8. 
Although, the shakedown theorem is used as a tool for analysis of rolling contact, Miyoshi 
(18) pointed out that rolling fatigue occurred even if the amplitude of the maximum contact 
pressure was below the yield point. He proposed surface roughness as a reason for residual 
stress creation within the specimens. As a result, stress distribution in the contact region 
indicates the tendency to initiate a crack at subsurface. However, there is no indication of 
surface crack initiation from the stress distribution. 
25 
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p 
R 
p(x) 
x 
a >< a > 
A B D E 
z 
Figure 2.7 Deformation in rolling contact, an element of material experiences the cycle of 
reversed shear and compression A-B-C-D-E(6) 
--
... 
Figure 2.8 Plastic defomlation in rolling contact (6) 
On the other hand, several models of its mechanism are suggested for surface crack 
injtiation. Chiu (19) observed the initiation point of surface crack in flaking failure due to 
contamination present between contacting bodies and the formation of stress concentration . 
Muro (20) studied residual stress in detail using his results of surface crack initiati on and 
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pointed out that there are residual tensile stresses just below the rolling contact surface. He 
also explained that crack initiation is due to the cyclic combination of residual stress and 
contact stress. Additionally, Miyoshi (21) put forward the mechanism of arrowhead shaped 
debris formation which is caused by cyclic surface asperity deformation and tensile strain. 
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2.3.4 Mechanisms of Crack Propagation in Rolling Contact Fatigue Wear 
Many models put forward the mechanism of crack propagation, however they can be 
roughly classified into two types, that is, opening or tensile mode (mode I) and forward shear 
or edge sliding mode (mode II). Way (22) evaluated effects of lubricants and surface shape at 
rolling contact in two roller experiments and described the process from crack initiation to 
pitting. According to his observation, the crack was initiated from the surface, not at the point 
of maximum von Mises' shear strain-energy criterion in subsurface. He argued that 
contaminations at the contact area cause plane stress concentration on the surface and help to 
initiate surface crack. For the mechanisms of pitting under lubricating conditions, he 
explained that the surface crack is propagated in mode I by pressure produced by locked up 
lubricant in the crack. Therefore, high viscosity lubricant can prevent pitting because they 
cannot easily enter the crack. Muro (23) also estimated the crack propagation by mode I 
applying residual stress produced during shakedown process. 
On the other hand, Otsuka (24) pointed out that cracks propagate III mode II under 
compressive stress created in a rolling contact. 
Crack propagation mechanism in rolling contact is also analysed numerically using fracture 
mechanics. For instance, Keer and Bryant (25) (26) (27) evaluated stress intensity factor for 
surface and subsurface cracks using elastic analysis and explained the mechanism of pitting as 
mode II. 
However, the mechanism is not yet fully elaborated. This is because: 1) contact stress 
distribution model with a crack cannot be classified as Hertzian contact; 2) crack surfaces 
have to be considered as a contact problem; 3) load due to friction at the surface has to be 
considered; 4) friction coefficient magnitude at crack surface is uncertain; 5) behaviour of a 
lubricant in the crack is not fully clarified. 
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2.4 Crack Initiation Mechanism Based on Dislocation Theory 
2.4.1 Crack Initiation Model 
In machine elements, such as bearings or gear wheels, all of the input power for the 
elements is not transmit as output work, and some of the power is dissipated. Energy can be 
dissipated due to (28); 
(1) F onnation of real area of contact in the contact region 
(2) Works at contact region 
1) Elastic defonnation 
2) Plastic defonnation 
3) Adhesion 
(3) Dissipations of energy at contact area 
a) Defonnation accumulation in the material 
1) Accumulation of strain energy 
2) Generation of dislocations or defects 
b) Heat radiation 
c) Other energy radiation 
1) Sound waves 
2) Photons 
3) Electrons 
In this section, current studies of the relation between crack initiation, dislocation, and the 
energy dissipation are reviewed. 
Initiation of fatigue cracks in a crystalline material is started with the nucleation and 
accwnulation of dislocations. Due to these actions, specific slip markings consisting of 
extrusions and intrusions called persistent slip markings (PSM) or persistent slip bands (PSB) 
are created on the surface (29). The inside of the markings, accwnulation of dislocations forms 
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Figure 2.9 Ladder formed dislocation structure in the grain of fatigued steel (30) 
In connection with the mechanism of wear process linked to fatigue, models based on 
dislocation theory are suggested. These mechanisms, originally for bulk materials, can be 
applied to regions close to surface (31). An example of wear mechanism based on di slocation, 
is that proposed by Sub (32). He reported the mechanism based on the behaviour of 
dislocations at the surface, sub-surface crack and void formation, and subsequent 
amalgamation of cracks by shear deformation of the surface. 
For crack initiation nearby surface, mechanisms based on dislocation theory are also 
suggested by some researchers. Zener (33) presented the model shown in Figure 2.10 (a). In his 
model, dislocations were stopped by an obstacle where a crack is thus initiated to release high 
level energy accumulated in the dislocation pileup. Cottrel (34) explained that united 
di slocations along cleavage surface initiate the crack shown in Figure 2.1 O(b), Stroh (35) (36) 
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proposed that crack initiates at tilt boundary as shown in Figure 2.1 O( c). In addition to the 
suggested mechanisms, obstacles such as oxides existing in the subsurface region can be the 
crack initiation source or cause of dislocation pileup. 
(001) 
1 cr (001) 
(a) 1cr ~ (101) /a (b) 
(c) 
Figure 2.10 Crack initiation models (28) 
2.4.2 Thermally Activated Process in Dislocation 
For isotropic crystals, free energies per unit length of a dislocation are expressed by 
Equation (2.17) (37); 
(2.17a) 
(2. 17b) 
where: 
L1Ee - Free energy for an edge dislocation 
L1Es - Free energy for a spiral dislocation 
G - Shear modulus 
v - Poisson's ratio 
b - Burgers vector 
r 0 - Core radius 
r I - Effective radius 
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When these energies are assumed to correspond to strain energy at wear process, it is less than 
1 % of whole the energy dissipated at wear process and most of them are transformed to heat 
ad·· (38) r latlOn . 
To make a slip motion of a dislocation, activation energy that overcomes resistance for the 
dislocation is needed. Generally, the energy is supplied as external work. Additionally, the 
energy due to thermal vibration at lattice, called 'thermal fluctuation' can be provided as 
activation energy. The phenomenon is called "thermally activated process". 
Illustration of resistance energy is schematically shown in Figure 2.11. When the resistance 
force is compared to the height 1 * and the range affected is compared to width d*, the 
resistance energy for dislocation corresponds to an area of mountain-shaped curve. When 
external force per unit length is applied to the dislocation in the slip direction, it is expressed 
by Equation (2.18). 
(2.18) 
where: 
Ie - External force 
Te - Shear stress 
b - Burgers vector 
Resistance 
force 
Teb/* 
Energy due to thermal 
vibration at lattice 
_____________ VU.G<VP~i:7U.aw-4 
Energy due to 
external force 
d* 
Range of resistance 
1* 
Figure 2.11 Resistance energy for dislocation (39) 
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The activation energy obtained from Ie is equal to (a) in Figure 2.11 and more energy. 
corresponding to (b), is needed to initiate slip. The energy due to thermally activated process 
satisfies the gap in a probability expressed by Equation (2.19) (39). 
2 exp(- _U_o J sinh _T "_,b_l_* d_* 
kT kT 
where: 
Uo- Resistance energy 
K - Boltzmann constant 
T - Absolute temperature 
(2.19) 
The value of kT is about 4x10-21 J in room temperature and 1.8xl0-2oJ even if T=1300K (38), 
Thus, when dislocation is slipped due to thermally activated process, it is required that there is 
a certain activation energy due to external work and low resistance for the motion; for 
instance, low resistance force or small resistance range. 
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3.1 Introduction 
Ferromagnetic substances have domain structure, composed of magnetic domains and 
domain walls, and they are arranged to minimize the internal energy. Magnetisation is taking 
place due to an external magnetic field and reaches the saturation through two processes: 
domain wall displacement and rotation magnetisation. Properties of applied magnetic field 
and magnetism of ferromagnetic substances are expressed by hysteresis loop. It is known that 
the magnetic properties are affected by inclusion or mechanical conditions such as stresses. 
The objective of this chapter is to review structure of ferromagnetic substances and its 
magnetisation process with its energy status and provide current knowledge of the relation 
between magnetisation and internal stress. 
3.2 Structure of Ferromagnetic Substances 
Ferromagnetic substances, such as Fe, Ni, etc., have spontaneous magnetisation below 
Curie temperature. As shown in Figure 3.1, magnetic moments in the substance are divided 
into a number of magnetic domains. Without external magnetic field magnetic domain 
structure is formed and a state of magnetic pole, as a whole, exists. Magnetic domains are 
distributed to cancel directions of magnetisation. The direction magnetic moments point to is 
parallel to an axis of easy magnetisation. For instance, in iron crystal the easy axes are [100], 
[010], and [001]. As seen in Figure 3.l, the boundaries between the domains are named 
'domain wall'. Inside the domain wall, magnetic domains rotate gradually from one domain to 
the next. When the external magnetic field is applied parallel to the magnetisation of one 
domain, the moments inside both domains experience no torque resulting from the field. In 
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contrast, moments inside the wall, which have some angle with the field direction, start to 
rotate toward the field direction. As a result of the rotation of the moment inside the walL the 
centre of the wall should be displaced as seen in Figure 3.2, resulting in an increase in the 
volume of the domain that has its magnetisation parallel to the external field. 
~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ 
"- J "-
Magnetic domain 
Domain 
wall 
J I 
0 . .3.:0. 
Figure 3.1 Domain pattern on a surface of 4% Si-Fe crystal (\) 
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J \ J 
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• Direction of wall motion Domain Wall Domain 
Figure 3.2 Schematic explanation of domain wall and its displacement (\) 
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When external magnetic field is not applied, stable domain structure, such as the size, the 
shape, is determined so as to minimize the total energy. Total energy is composed of: 
1) Magnetostatic energy 
Associated with magnetisation in its own self-field. It increases when magnetic 
pole appears on the surface of ferromagnetic materials. 
2) Exchange energy 
Associated with Pauli's exclusion principle among atomic moments and is required 
at forming domain wall to reduce magnetostatic energy. 
3) Anisotropy energy 
Associated with tendency for the magnetic moments to align directions with an 
axis of easy magnetisation. It increases when the direction shifts due to external 
magnetic fields. 
4) Magnetoelastic energy 
Associated with spontaneous deformation during magnetisation process. 
From these energIes, magnetostatic energy to form domains, exchange and anisotropy 
energies to form domain walls are main components when no external magnetic field exists. 
Specifically, magnetic domains have a tendency to be divided into many thin domains for the 
reason that magneto static energy increases in proportion with the width of domain. When the 
domains are divided into thin pieces, domain walls are created at these boundaries 
simultaneously. It means that exchange and anisotropy energies are increased whilst 
magneto static energy is decreased. Thus, the thickness of domains d is decided to minimize 
the total of these energies. Total energy per area is expressed below: 
(3.1) 
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where: 
e - Total energy 
em- Magnetostatic energy 
eex- Exchange energy 
ea - Anisotropy energy 
21; d ~ 1 r· ( 1l J em = 2 ~-2-.L SInn - xdx 
1l f-lo n=] n d d 
I (JS 21l2 J eex +ea =- 2 +KNa daN 
where: 
Is - Saturation magnetisation 
d - Thickness of domain 
j.1o- Permeability of vacuum 
I - Thickness of the crystal 
J - Exchange integral 
S - Total spin quantum number 
a - Lattice constant 
N - Number of atoms in a domain wall 
K - Anisotropy constant 
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(3.2) 
(3.3) 
For example, considering 1800 wall of Fe, substitute Is=2.15T, j.1o=47tXl07, I=O.Olm, 
J=2.16xl0-2t, S=I, N=150, K=4.2xl04 into Equation (3.2) and (3.3), d=5.6xlO-6m and 
e=5.63J/m2 will be obtained. 
3.3 Magnetisation Process of Ferromagnetic Substances 
One feature of ferromagnetic substances is that they exhibit a fairly complex change in 
magnetisation upon the application of a magnetic field. This behaviour can be described by an 
initial magnetisation curve (see Figure 3.3). Starting from a demagnetised state (1=H-O), the 
magnetisation increases with an increase of the field along the curve OABC and finally 
reaches the saturation magnetisation which is normally denoted by Is. In the region OA the 
process of magnetisation is almost reversible; that is, the magnetisation comes back to zero 
upon removal of the field. Beyond this region the processes of magnetisation are no longer 
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reversible. If the field is decreased from its value of at point B, the magnetisation comes back, 
not along BAO, but along the minor loops BB '. If the magnetic field is decreased from the 
saturated state C, the magnetisation I is gradually decreased along CD, not along CBAO, and 
at H=O it reaches the finite value Ir (=OD), which is called the residual magnetisation or the 
remanence. Further increase of the magnetic field in a negative sense results in a continued 
decrease of the intensity of magnetisation, which finally falls to zero. The field at this point is 
called the coercive force He (=OE). This position, DE, of the magnetisation curve is often 
referred to as a demagnetising curve. Further increase of H in a negative sense results in an 
increase of the intensity of magnetisation in a negative sense and finally leads to a negative 
saturation magnetisation. If the field is then reversed to the positive sense, the magnetisation 
will change along FGC. The closed loop CDEFGC is called the hysteresis loop. 
I 
------~~--~--~-------H 
F 
Figure 3.3 Initial magnetisation curve and hysteresis loop (1) 
In magnetisation process OABC, the ferromagnetic substance takes two steps to saturation. 
When a magnetic field is applied, domains whose magnetisation directions are closest to the 
field direction increase their volume by domain wall displacement from in Figure 3.4 (a) to 
(b) and finally cover the whole volume of the specimen shown in Figure 3.4 (c). If the field is 
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increased further, the magnetisations in each domain rotate from the easy directions toward 
the field direction, and finally the specimen reaches saturation magnetisation shown in Figure 
3.4 (d). Details of each process are described below. 
Domain wall 
I ! 
Magnetisation 
(a) 
Figure 3.4 Magnetisation process of ferromagnetic materials 
(1) Domain wall displacement 
Magnetic domains inside of ferromagnetic substance tend to arrange in line along the easy 
directions. The domain walls, boundary between the domains, move during the domains are 
making uniform their directions. Thus, at the step, energy for magnetisation can be stated to 
spend for domain wall displacement. The energy is expressed as Equation (3.4). 
where: 
L1Um - Energy for magnetisation 
Is - Saturation magnetisation 
H - Magnetic field 
e - Angle of directions between magnetic field and easy direction 
However, there are foreign substances in domains such as inclusions or dislocations in 
particular, and they act as resistance against the domain wall displacement. These inclusions 
are dealt with as defects. Due to non-homogeneity, magnetic poles appear on the surface of 
the defect in a domain and magneto static energy is generated there. When a domain wall 
passes by the defect, magnetic poles on the surface are divided and the magneto static energy 
is reduced to half. Thus, inclusions or dislocations in a domain wall act as resistance so as to 
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make it energy state stable. The effect of these defects during magnetisation is experimentally 
observed as Barkhausen noise (2) and utilized for a non destructive inspection. The 
magnetostatic energy U mag generated due to a defect is expressed assuming the defect as a 
sphere in radius of r. 
1 1 I; 4nr3 5 3 U =-,-,-·-·-~2.8xlOlr (3.5) 
mag 2 2 3 flo 3 s 
The value of magnetic field Ho to separate domain wall from resistance of a defect is given 
below. 
(3.6) 
The value Ho, which satisfies Equation (3.6), is Ho>3xl03 Aim for Fe. In magnetisation 
process, region below Ho is called initial permeability range. In this region, due to the 
resistance against domain walls, increase of magnetisation is small. When the magnetic field 
is beyond Ho, domain walls can move freely from the resistance and magnetisation increases 
sharply. The region beyond Ho is called range of irreversible magnetisation. 
(2) Rotation magnetisation 
When a further magnetic field is applied to, magnetic moments which completed domain 
wall displacement are turned to the same easy direction; domains rotate along direction of the 
field from the easy direction. At the rotation, energy for magnetisation is consumed against 
anisotropy energy. This region in magnetisation process is called range of rotation 
magnetisation. When the rotation is completed, magnetisation is saturated. 
As magnetic fields are increased in this region, the shape of ferromagnetic specimen is 
deformed. The phenomenon is called magnetostriction and magneto elastic energy is 
consumed during the process. The strain &/1 due to magneto stricti on is as small as 10-5 to 
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3.4 Demagnetising Factor 
If a ferromagnetic body of finite size is magnetised, free magnetic poles are induced on both 
its ends. They raise a magnetic field in an opposite direction to the magnetisation. This field, 
called demagnetising field Hd, is proportional to magnetisation I and expressed as Equation 
(3.7). 
(3.7) 
where: 
j.1o- Permeability of vacuum 
N - Demagnetising factor (dimensionless quantity), O~N~ 1 
The demagnetising factor N is function of the shape of specimen. When a long, thin specimen 
rod is magnetised along its long axis, N takes small value. In contrast, the factor takes larger 
for a short, thick specimen. 
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3.5 Relation between Magnetisation and Fracture of Materials 
To understand the relation between magnetisation and deformation of ferromagnetic 
substances, many studies have been carried out. Characteristics of Barkhausen noise, that is 
the effect of defects observed in magnetisation process are clarified by Lomaev (3). According 
to him, the noise responds sensitively to material structure and stress status and it has been 
tried to be utilized for a non-destructive inspection by analysing grain sizes (4), inclusions (5), 
dislocations (6), and residual stresses (7). 
For the behaviour of the hysteresis loop and magnetostrictive behaviour under elastic stress, 
Makar and Tanner (8) (9) observed that the magnetic properties of steels are varied by amount of 
C contents and applied stresses in the curves shown in Figure 3.5. They postulated that the 
inclusion in the steel and increase or motion of dislocation act as resistance against domain 
wall movement. Concerning the effect of magneto stricti on, Asai (10) pointed out that 
magnetostriction is changed by stress direction and explained the reason as an issue of 
internal energy. 
Concerning the effect of magnetostriction on mechanical properties, Tang (11) and Lu (12) 
reported that pulsed magnetic field decreases residual stress in low carbon steel as shown in 
Figure 3.6. Tang (13) explained the mechanism by postulating that pulsed magnetic process 
reduces dislocation density and makes rearrangement of dislocation in the specimens (see 
Figure 3.7). 
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Figure 3.5 Hysteresis loops for different stresses and amount of carbon (8) 
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Figure 3.7 Dislocation structure in the defonned specImens (a) before pulsed magnetic 
treatment and (b) after pulsed magnetic treatment ( 13) 
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4.1 Introduction 
Experiments in this study are carried out in two-disc rolling contact test apparatus shown in 
Figure 4.1 . To investigate the effect of horizontal magnetic field on rolling contact fatigue, 
permanent magnets are attached to the equipment. In this chapter, the details of the apparatus 
and the experimental techniques are described. 
Figure 4.1 Two-disc rolling contact test apparatus 
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4.2 Experimental Technique and Equipment 
4.2.1 Test apparatus 
The two-disc rolling contact test apparatus used in this study is shown in Figure 4.2 . The 
test disc is the driven disc and the driving disc is connected to the electric motor. For contact 
pressure, dead weight is loaded from the top of the test apparatus . Due to the load, deflection 
at the contact point in the test condition is less than 0.1 ~m and it can be neglected. The driven 
disc can be turned about its vertical axis in order to introduce a slip into the contact. By 
setting up permanent magnets in brackets, shown in Figure 4.2, the test apparatus is equipped 
to create a magnetic field. Changing the position of brackets can vary an angle between the 
plane in which rolling takes place and the magnetic field. Drawings of the brackets are shown 
in Appendix B. 
m ~ l J 
JJ Dead we; ght 
, 
ill 
I I [ I I 
1i 
970 I 
I 635 
Permanent Driven disc ¢50 
Permanent 
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* I~ lotor -
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16 
-
-
Figure 4.2 Dimensions of two-disc ro lling contact test apparatus 
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4.2.2 Test Specimens 
To evaluate the effect of the magnetic field on rolling contact fatigue, a disc with 50mm 
diameter and thickness of 4mm made ofENlA free cutting steel is used as the driven disc. Its 
hardness was about 160 HV(l) The driving disc has a 150mm diameter and 16mm thickness 
and is made of cylindrical ground hardened EN40B steel containing 3% wt% Cr. Its hardness 
was about 615 HV (1). Chemical composition and mechanical properties of both discs are 
shown in Table 4.1 and 4.2. All experiments were performed in unlubricated ambient 
conditions. Prior to any test, surface roughness measurements and optical microscopy 
observations were conducted and initial inspection of the surface was carried out. Before each 
test, the surface of the driving disc was finished with the abrasive paper (number 2400) and 
the surface of the driven disc was used as machined. The resulting roughnesses, Ra, of the 
driving and driven discs were about 0.08/-lm and 0.10/-lm respectively. Discs were cleaned 
with acetone before the tests. In addition, to evaluate the magnetic effect on non-magnetic 
materials, aluminium discs were also used. 
Table 4.1 Composition of specimens [wt%] (1) 
C Si Mn S P Ni Cr Mo 
ENIA 0.05-0.15 O.lOmax 0.80-1.20 0.20-0.30 0.070max - - -
EN40B 0.10-0.20 0.10-0.35 0.40-0.65 0.050max 0.050max 0.40max 2.90-3.50 0.40-0.70 
Table 4.2 Mechanical properties of specimens (1) 
Young's modulus Poisson's ratio Yield strength Tensile strength [OPal [MPa] [MPa] 
ENIA 203 0.28 243 394 
EN40B 205 0.30 516 684 
Al 70.3 0.345 11 0(*) 285 
(*) 0.2% proof stress 
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4.2.3 Loading Conditions 
The experiments were conducted under the normal and constant load of 150N by using 
dead weights. The width of the contact area a and the maximum contact pressure Po are 
obtained from Equations (2.2)-(2.4) and the values are 89.7J.1m and 266.3MPa respectively. In 
addition, at fFO, the maximum shear strain-energy, from Equation (2.16b), is 86.7MPa at the 
depth of 63.2J.1m. In order to evaluate stress status of the test specimen, ANSYS programme 
was used. To analyse the stresses in the rolling contact a three-dimensional model is 
constructed. The model, shown in Figure 4.3, represents contacting discs with the dimensions: 
Imm x 2mm x 4mm for the driven disc and Imm x 2mm x 6mm for the driving disc. Total 
number of the elements and nodes in the model are 13200 and 14432 respectively. The 
contour map for compressive and shear stresses at the middle of the width of the discs is 
shown in Figure 4.4. The maximum contact pressure Po, the maximum shear strain-energy, 
and the depth at which it is located under the condition of Equation (2.16b) (u=0) obtained 
from ANSYS are 267MPa, 91.3MPa, and 76J.1m respectively. Differences between results 
from ANSYS analysis and Hertz's theory are: 0.3% in the maximum contact pressure and 
5.30/0 in the maximum shear strain-energy. To estimate the stress status more realistically, 
tangential load Q is applied to the lower disc in the range of 0 to 75N. 
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(a) Isometric view 
(b) Front v iew 
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Figure 4 .3 FEM models of ANSYS stress analysis 
52 
P08'1'~ 8U ACES 
VALtJBz fJY 
A 
8'1'BP::~ 
S08 = 1 
'l'DIB=l 
POST1 SURFACES 
'JALUE= SXY 
A 
STEP= l 
SUB =1 
TIME= l 
Chapter 4 Rolfing Contact Tests in Magnetic Fields 
AN 
JUL 27 20 06 
13:54:54 
- .207H09 -.146E+{)9 -.860H08 - . 258!+{)8 
- . 176E+09 - . 116E+09 -.559E+ 8 • 436E+07 
(a) Compressive stress 
x 
J\N 
JUL 27 2006 
13:55:39 
- .5821:+08 -.323E+08 -.647E+{)7 . 19 4E+{)8 .453H08 
-.453E+08 -.194E+08 . 647E+07 . 3Z3H08 .5821:+08 
( b) Shear stress 
Figure 4.4 Contour results of ANSYS stress analysis 
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4.2.4 Contact Kinematics 
Rotational speed and the slip ratio were kept fixed during the duration of a test. The driving 
disc was connected to a variable speed electric motor via a coupling. Rotational speeds of the 
driven disc were set to 450 rpm and 180rpm so that the effect of rotational speed could be 
evaluated. 
In order to add a slip into the contact, the driven disc was turned about its vertical axis disc 
as shown in Figure 4.5 (a). By doing that, rotating velocity of the driven disc, transmitted 
from the driving disc VI, shown in Figure 4.5 (b), is divided into V21 and V22. Assuming that the 
velocities are transmitted without loss, their relationships are expressed as follows: 
(4.1 ) and (4.2) 
By selecting the angle ¢ as tan- 1 (1/10) =5.71°, the 10% slip ratio was introduced into the 
contact. In the present study, the slip ratio was set to 0 (pure rolling) and 10% (rolling with 
sliding). 
(a) 
Driven disc 
( P II re ro II i n g) 
Dri\ ing 
di sc 
t 
I 
I 
(b) 
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(Rplllll:; \\ h I'dl L 
1'':1.1 \ '.:.: 
Figure 4.5 Geometry of pure rolling and rolling with sl iding 
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Addition of a tangential loading to normal loading can significantly alter the contact surface 
and sub-surface stress distributions. The distribution of pressure, p, over the contact area is 
represented by the ordinates of the semi-ellipsoid shown in Figure 4.6 constructed on the 
contact surface. The elliptical distributions in the x-z and y-z planes are sometimes referred to 
as the Hertzian distributions. 
Principal 
plane 1 
I 
I 
, 
p 
(a) 
Principal 
plane 2 
?f 
x Principal plane 1 Principal plane 2 
Body I 
(b) 
Figure 4.6 Contact of two bodies with curved surfaces and their principal planes of curvature 
(a) radii of curvature in the principal planes of the bodies with curved surfaces (b) 
Each of the two bodies I and 2 is characterised by its curvatures in the principal plans, 
perpendicular to each other, in which the maximum and minimum curvatures are contained, 
as presented in Figure 4.6 (a). Rll, R12 are the principal radii of curvature of body (1 and 2) 
respectively in one principal plane of curvature. R21, R22 are the principal radii of curvature in 
the other principal plane as shown in Figure 4.6 (b). 
The reciprocals of these curvature radii are termed the principal curvatures. A and B are 
constants whose values depend on the magnitude of the principal curvatures and angle, OJ, 
between the planes in which the principals curvatures 
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If the corresponding planes of curvature of the two bodies do not coincide, then 
11111 11 11 1111 -
4 R" R" R" R" (Rn R,J (R" RJ (Rn RJ R" RJ { [ 2 2 ]~} A =- -+-+-+-- --- + --- +2 --- --- cos(2w) (4.3) 
B=~ _1_+_1_+_1_+_1_+ _1 ___ 1_ + _1 ___ 1_ +2 _1 ___ 1 __ 1 ___ 1_ cos(2w) - (4.4) f [( J2 ( J2 ( J( J ]~} 4l RIl R12 R21 R22 RIl R12 R21 R22 RIl R12 R21 R22 
An elliptical contact occurs between two non- conforming cylinders when (0, is between 0° 
For this investigation, m=5.71 0, Rll=25x10-3m and R2J=75x10-3m are substitute for Equation 
(4.5) and (4.6). 
A=- +-+ +--1{ 1 1 1 1 [( 1 
4 25x 10-3 00 75x 10-3 00 25x 10-3 
1)2 (1 1 )2 j 1 1 X 1 1 ) l~ } 
00 + 75xlo-3 00 +1..25xlO-3 - 00 75xlO-3 - 00 cos(2w) 
(4.5) 
1 {Ill 1 [( 1 1)2 (1 1)2 {I 1 XII ) l~} B=- , +-+ , +-+ , -- + -- + -- -- cos(2w) 
4 25xlO--' 00 75xlO-o 00 25xlO-o 00 75xlO-3 00 25xlO-3 00 75xlO-3 00 
(4.6) 
A+B, AlB are then calculated, and are given in Table 4.3 for the three different angles 
Table 4.3 Values of A, B, AlB and A+B for ar=5.71 ° 
OJ A B AlB A+B 
5.71 0.050 26.61 0.0019 26.66 
The ellipse dimensions and their ratio, and the mutual approach of the bodies can be 
calculated from the following Equations. 
K = (1-v 2 ) (4.8) 
HE 
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_ (AJ2/3 fJ-CfJ -
B 
where: 
W' '-Calculation parameter 
P - Applied load 
K - Material constant 
E - Young's modulus 
v - Poisson's ratio 
K/=1.45x10-12 [m2/N] 
K2=1.41x10-12 [m2/N] 
a '- Contact ellipse major semi-axis 
b - Contact ellipse minor semi-axis 
(4.9) 
(4.10) 
(4.11) 
(4.12) 
fJ - Ellipse semi-axes ratio, given by bla 
8 - Decrease in separation between two points on axis of symmetry 
The coefficients Ca, Cb, Cp, and Co are decided from the value AlB (2). The values for these 
coefficients in this investigation and the values of a, b, /3, 8, and W" obtained from Equations 
(4.7)-(4.12) are shown in Table 4.4. 
Table 4.4 Values ofCa, Cb, Cp, and Co for A/B=0.00188 and a, b, /3,8, and W 
Ca Cb Cp Co I w" I a [nun] B [mm] /3 8[~m] 
1.4 1.95 1.39 2.4 I 0.0089 I 0.058 0.081 0.021 0.89 
The distribution of pressure, p, over the contact area is represented by the semi-ellipsoid, 
constructed on the contact surface. The elliptical distributions are sometimes referred to as the 
Hertzian distribution. The maximum direct stress at the surface occurs at the centre of the 
57 
Chapter 4 Rolling Contact Tests in Magnetic Fields 
ellipsoidal boundary and is given by 
(4.13) 
(4.14) 
The maximum shear stress and the maximum depth of shear can be calculated as follows 
-
q max = q max fz
max 
where: 
q max - Maximum sub-surface shear stress 
Z - Depth of maximum shear stress 
qrnllX 
(4.15) 
(4.16) 
q- - Coefficient decided from the value AlB (2) 
max 
fz
max 
- Maximum compressive or Hertzian stress 
( ~ ) - Coefficient decided from the value AlB (2) 
qrnax 
Cr Coefficient decided from the value AlB (2) 
The results of these calculations are shown in Table 4.5. As compared with that of ANSYS 
using the model shown in Figure 4.7, values of po and qmax are 282MPa and -71.5MPa. The 
contour results of finite element analyses for compressive and shear stresses at the middle of 
the width of the discs are shown in Figure 4.8. 
Table 4.5 Maximum contact pressure and depth of shear stress 
po [MPa] (Zlb)qmax qmax 
241. 25 0.38 0.79 0.31 -74.79 0.063 
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(a) Isometric view 
(b) Front view 
J\N 
JUL 26 2 0 06 
09 : 29 : 03 
J\N 
JUL 26 20 0 6 
09: 2 8 :10 
Figure 4.7 FEM models of ANSYS stress analysis (Rolling with sliding) 
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(b) Shear stress 
Figure 4.8 Contour results of ANSYS stress analysis (Rolling with sliding) 
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4.2.5 Magnetic Conditions 
To create a magnetic field, two types of permanent magnets with magnetic field densities of 
l.IT and O.4Twere used. The properties of permanent magnets used and their initial magnetic 
curves are shown in Table 4.6 and Figure 4.9. On the other hand, the maximum magnetic flux 
density in real mechanical devices is roughly 2.0T as shown in Table 4.7. Therefore, the 
magnetic conditions used in this study are considered to be adequate. 
ANSYS software was used to analyse magnetisation in the test specimens. Test specimens 
and permanent magnets were mounted as shown in Figure 4.10 and the same geometry and 
configuration are used for the finite element model shown in Figure 4.11. Results show that 
magnetisation created near the contact surface, shown in Table 4.8, was perpendicular and 
densities for the two types of permanent magnets are 0.08T and 0.02T. Therefore, 
magnetisation of specimen was considered to be in a weak domain wall displacement status, 
as the displacement was probably constrained by inclusions or dislocations. On the other hand, 
the magnetic force between the specimens was less than 2N and therefore that force was 
neglected. 
The angles between the plane in which rolling takes place and the magnetic field was set as 
()=Oo, 45°, and 90°. Figure 4.12 illustrates the configurations used. 
Table 4.6 Properties of magnets 
Type of magnets Br [T] BHc [kAlm] 
Rare earth magnets 1.1 987 
Ferrite magnets 0.4 242 
61 
2.0 
1.8 
1.6 
1.4 
1.2 
E 1.0 
ca 
0.8 
0.6 
0.4 
0.2 
0.0 
Chapter 4 Rolling Contact Tests in Magnetic Fields 
Table 4.7 Magnetic flux densities of obj ects 
Objects Magnetic flux densities [T] 
Terrestrial magnetism 5x 1 0-5 
.. 
.. 
. ~ 
• 
.. 
0 2000 
Dri ving di sc 
Motors 0.1-l.0 
Liner motors 1.5-2.0 
I • I 
• • .. ~ 
• • • EN IA 
• EN40B 
4000 6000 8000 10000 12000 14000 16000 18000 20000 
H [Ai m] 
Figure 4.9 Magnetic properties of specimens 
Driven disc 
Figure 4.10 Position of permanent magnets 
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Table 4.8 Magnetic field analysis results 
Type of magnets 
Rare earth magnets 
Ferrite magnets 
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Figure 4 .12 Angles between discs and magnets 
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4.2.6 Measured Parameters 
All experiments were conducted in a laboratory air environment at the temperature of about 
20°C. The load and speed were kept fixed during the duration of the test. To evaluate the 
effect of magnetic field, the following parameters were monitored; 
(1) Weight loss of the driven disc. 
(2) Surface roughness Ra. 
(3) Appearance of disc surface and accumulation wear particles. 
Prior to any test, the weight and surface roughness of the driven disc were measured and 
recorded. Surface roughness measurements were conducted and the initial inspection of the 
surface was carried out. The disc was then mounted into the test apparatus. Weight losses and 
surface roughness measurements were carried out after cleaning the disc. 
The weight losses were measured by the difference in weight of the driven disc before and 
after the test. Wear particles generated during the test and stuck on the surface of the disc were 
carefully removed by ultrasonic cleaning. 
The surface roughness measurements during this study were performed using a Rank Taylor 
Hobson instrument with a stepped motor. This technique relies on the physical contact of a 
stylus with the surface. In this technique, a sharp and very lightly loaded stylus is drawn at a 
constant speed over the surface. As the stylus travels it rises and falls to give vertical 
displacements in accordance with the profile of the reference surface. These displacements are 
then converted into an electrical signal, which is then amplified to give the surface profile. 
The optical microscope used was OLYMPUS microscope producing two-dimensional images 
of the specimen surface. The magnification range for this system is between 20 and 1000. 
The Scanning Electron Microscope (SEM) used for surface analysis was Cambridge S250. 
The SEM has five distinct systems, that is, the electron gun source, the condenser system, the 
scmming system, the detection facility and the display system. The image can be magnified in 
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the range of 10 to 100, 000 times and provide a much greater depth of field comparing to an 
optical microscope. 
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(1) "The mechanical and physical properties of the British standard EN steels", Steel user service British 
iron and steel research association, (1964), Pergamon press. 
(2) S.L. AI-Sabti, "Failure modes of polimethylmethacrylate resulting from rolling line contact", Ph.D 
Thesis, BruneI University, (2000). 
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5.1 Introduction 
This chapter presents the effect of magnetic field in rolling contact experiments carried out 
under different condition of magnetic field density, rotational speed, direction of the magnetic 
field, material of test specimens and kinematics. It is divided into two main sections. The first 
deals with pure rolling fatigue experiments in horizontal magnetic field. Magnetic field effects 
are evaluated by weight loss, surface roughness and morphology of surface asperities. 
The second section concerns the effect of introducing a tangential force into the contact. 
This is achieved by creating an angle between the two contacting discs which resulted in a 
slip. 
5.2 Pure Rolling Tests 
5.2.1 Pure Rolling of Steel Discs 
Accumulated weight losses of the driven discs in pure rolling tests, shown in Figure 5.1, 
were proportional to the number of cycles when magnetic field was absent. Above 4xl06 
cycles, total weight loss was over 1000 mg. On the other hand, weight loss in the magnetic 
field was lower for both magnetic field densities used. It increased in proportion to the 
number of cycles until around 2x 1 06 cycles, a similar trend as for the absence of magnetic 
fields. However, this trend reached plateau after that number of cycles. The trend was 
especially noticeable for the magnetic field of 1.1 T. The amount of wear in the magnetic field 
was 287mg after 5.0x106 cycles. From these results, it can be stated that the wear amount 
resulting from rolling contact fatigue was reduced due to the effect of horizontal magnetic 
field. 
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Surface roughness of the driven disc was also lower in the magneti c field. As shown in 
Figure 5.2, in the absence of the magnetic field , Ra value was raised from 0.1 J.lm to 
approximately 0.5J.lm after 6x 105 cycles. After that, the value of Ra varied between about 0.4 
and 0.6J.lm. In contrast, in the presence of the magnetic field , the roughness, after 6x 105 cycles, 
was only about 0.3 J.lm. After that, the Ra value was further decreased to about 0.1 J.lm . 
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Figure 5.2 Surface roughness of mild steel discs (Pure Roll ing) 
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Surface observations of mild steel discs under the optical microscope are shown in Figure 
5.3. Without magnetic field and after lxl06 cycles, (see Figure 5.3 (a)), the outer layer was 
deformed plastically and stripe marks can be seen. The marks that lay perpendicular to the 
direction of rolling can be considered as the evidence of fatigue cracks in rolling friction. In 
contrast, under the horizontal magnetic field, a different pattern of the surface asperity was 
created. At the magnetic field density of OAT, a characteristic pattern, shown in Figures 5.3 
(b) and (c), can be observed. It consists of a thin, plastically deformed outer layer and can be 
easily peeled off by cleaning (see Figure 5.3 (c) and (d)). The asperity under the layer was 
smoother than that without magnetic field. It agrees well with the results of surface roughness 
measurements. In addition, at 1.1 T, a similar pattern to that at OAT was also observed on the 
surface as seen in Figures 5.3 (e) and (t). The difference between the two magnetic fields can 
be seen in surface asperity patterns created. The boundary between each particle on the 
surface was clearly defined at OAT and looks deeper than that at 1.1 T. 
Moreover, the effect of magnetic field on surface asperity was even clearer in SEM 
observations shown in Figure SA. The surface, after testing without magnetic field is shown 
in Figure 504 (a). 
Figure 504 (b) shows an assembly of detached particles. The particles are flat and flake 
shaped. Therefore, under rolling condition, it is permissible to suppose that a crack was 
initiated at the subsurface region. In addition, the thickness of larger particles was estimated 
to be approximately 20-30J.lm. The thickness is about half of the depth of 63.2J.lm for the 
location of maximum shear strain-energy obtained from the Hertz's theory. Contrary to this, 
smoother surface and finer wear particles were observed due to the presence of the horizontal 
magnetic field as seen in Figure 504 (c) - (t). These particles, considered to origin from the 
surface, are shown in Figure 5.3 (c). The thickness of these particles is no more than 10J.lm. 
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Thus, it can be said that wear particles generated in rolling contact became fmer due to the 
effect of the horizontal magnetic field. Therefore, when the thickness of wear particles is 
assumed to correspond to the location of a subsurface crack initiation point, it is apparent that 
the point was moved towards the surface. Also, the effect of the magnetic field presence was 
observed in particles' size. 
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Figure 5.3 Surface observations of mild steel discs (Pure Rolling, Optical Microscope) 
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(a) Surface, B=OT 
(b) Wear particles, B=OT 
(c) Surface, B=O.4T 
(d) Wear particles. B=O.4T 
Figure 5.4 Surface and wear particles observations of mild steel di scs (Pure Rolling, SEM) 
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(e) Surface, B= 1.1 T 
(t) Wear particles, B= 1.1 T 
Figure 5.4 Surface and wear particles observations of mild steel discs (Pure Rolling, SEM) 
(Continued) 
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5.2.2 Pure Rolling at Different Rotational Speeds 
According to Muju (1), dislocation velocity in ferromagnetic substances is increased under 
the magnetic field and it affects characteristic of the adhesive wear. 
To estimate this effect in rolling contact, two different rotational speeds: 450rpm and 
180rpm were used. Weight losses at different rotational speeds are shown in Figure 5.5. In the 
absence of the magnetic field, the pattern of weight losses was almost the same for both 
speeds. In the presence of the magnetic field, weight losses were decreased at 180rpm. 
However, the decrease was lower than that at 450rpm and the total amount of wear was nearly 
the same as that for the without magnetic field condition. 
Changes in surface roughness at different rotational speeds, shown in Figure 5.6, had a 
similar trend to that of weight losses. At without magnetic field, the Ra value was around 
O.5~m and there was not so much difference between to the two rotational speeds. The values 
of Ra in the magnetic field, were between 0.10 to 0.34~m for both 0.4 and 1.1 T and 450rpm. 
The results at 180rpm, however, were slightly higher on the whole although the range of the 
values was similar. 
From these results, it can be concluded that the effect of magnetic field is less pronounced 
at the rotational speed of 180 rpm comparing to that at 450rpm. 
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5.2.3 Effect of Magnetic Field Orientation 
The differences in weight losses for different angles, f), are shown in Figure 5.7. With the 
magnetic field, wear decreased at all angles e used. By varying the angle from fJ=0° to 45° 
and 90°, weight losses were increased. At the angle of tF90°, weight losses came near to those 
obtained for the absence of the magnetic field. Moreover, surface roughness at fJ=90° was also 
similar to that recorded for the absence of the magnetic field (see Figure 5.8). Lower weight 
losses were obtained at tFO° and 45°, and the value of Ra was less than 0.3).lm. At fJ=900 and 
the absence of the magnetic field, the value of Ra was greater than 0.34).lm. 
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Figure 5.8 Surface roughness of mild steel discs at different angles of e (Pure Rolling) 
The effect of magnetic field orientation was also observed in the surface appearances. From 
optical microscope observations, shown in Figure 5.9, the asperities can be classified into two 
groups by the wear amounts and Ra values. First one is for ~Oo and ~45°, and the second 
one is for B=OT and ()=90°. At ~45°, characteristic pattern, similar to that at ~Oo, was 
observed on the surface. In contrast, at ~90°, and in the absence of the magnetic field (see 
Figure 5.9(a)), deformed outer layer and stripe marks under the layer can be seen. 
These characteristic features of the surface were also seen in SEM observations shown in 
Figure 5.10. On the other hand, effect of the magnetic field on wear particles was observed 
clearly. At the lower Ra values obtained at ~Oo and ~45°, finer wear particles were observed. 
However, at ~90°, in spite of similar Ra value and wear amount observed for without 
magnetic field , the shape of wear particles was completely different. The main difference, 
more or less the same for all of them, was the thickness of particles. The thickness of particles 
around 1 o J.lm , produced at ~90° and the magnetic field presence, is not the same for partic les 
generated in the absence of the magnetic field . 
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Figure 5.9 Difference in e on surface of mild steel discs (Pure Rolling, Optical Microscope) 
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(a) Surface, B=OT 
(c) Surface, B= 1.1 T, 8=0° (d) Wear partic les, B= I. I T, 8=0° 
(e) Surface,B=I.IT, 8=45° (f) Wear paJ1icles, B= 1.1 T, 8=45° 
(g) Surface. B= 1.1 T. 8=90° (h) Wear particl es. B= 1.1 T. 8=90') 
Figure 5.10 Difference in e on Wear particl es of mild steel discs (Pure Rolling, SEM) 
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5.2.4 Effect on a Non-Magnetic Material 
To evaluate the effect for a non-magnetic material , driven disc was made of aluminium . 
Dimensions of the driven disc were the same as that for the steel di sc. For the driving di sc, the 
same EN40B steel was used. Due to the change in material, the load on the contact was al so 
altered to P=50N. As a result, width of the contact area, a, and the maximum contact pressure, 
po, obtained from the Hertz's theory equations (2.2)-(2.5), changed to 71.2~m and III.82MPa 
respectively. 
From the results of weight losses and surface roughness, shown in Figure 5.11 and 5.12, the 
difference in performance between with and without magnetic field is negligible. In addition , 
there is also no difference in surface and wear particles appearance (see Figure 5.13 ). 
Therefore, it can be concluded that the effect of the magnetic field on a non-magnetic material 
in rolling contact is negligible. 
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Figure 5.11 Accumulated weight losses of Al discs (Pure Rolling) 
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Figure 5.13 Surface and wear particles observations of Al discs (Pure Rolling, SEM) 
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5.3 Rolling with Sliding Tests 
5.3.1 Rolling with Sliding of Steel Discs 
As shown in Figure 5.14, weight losses of discs in tests with 10% sliding and without the 
presence of a magnetic field were increasing proportionally with the number of cycles; the 
same trend as that observed for pure rolling tests. With the horizontal magnetic field present, 
although wear amounts were reduced, weight losses generated under rolling with sliding were 
higher than those recorded without the presence of a magnetic field. This trend was especially 
noticeable at B= 1.1 T. 
Figure 5.15 shows comparison of wear rates obtained at pure rolling and rolling with sliding. 
The wear rate ratio of rolling with sliding to pure rolling after 1 x 1 06 cycles was 3.7 at B=OT, 
7.6 at B=OAT and 17.1 at B=l.l T. The results justify saying that wear under magnetic field is 
increased due to the introduction of slip into the rolling contact. 
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Figure 5.14 Accumulated weight losses of mild steel discs (10% Slide) 
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Figure 5.15 Weight rate ratios between pure rolling and 10% slide rolling 
Surface roughness, Ra for rolling with sliding, shown in Figure 5.16, tended to be lower 
under the magnetic field; the same trend as for pure rolling. However, the differences in Ra 
values among magnetic conditions used were smaller than that for pure rolling. Specifically, 
comparing to pure rolling, Ra for without magnetic field condition was around 0.5/-lm and 
below 0.3/-lm for the magnetic field presence. Values of Ra for rolling with sliding were in the 
range of 0.47-0.59 /-lm for without magnetic field whereas for the magnetic field of O.4T and 
1.1 T, Ra values were in the range of 0.34-0.38/-lm and 0.26-0.42/-lm respectively. 
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Figure 5.16 Surface roughness of mild steel discs (10% Slide) 
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Observations under the optical mIcroscope, shown in Figure 5.17, reveal that surface 
asperities of the driven discs under rolling with sliding conditions are deformed plastically 
and have stripe marks when there is no magnetic field. Even under the horizontal magnetic 
field, a similar pattern of surface asperities was observed. The characteristic pattern due to 
plastically deformed surface layer and observed at pure rolling with the magnetic field does 
not appear at all magnetic densities used in rolling with sliding. From, The characteristic 
features of surface asperities revealed by SEM observations can be seen in Figure 5.18. 
The effect of magnetic field is clearly observed in the morphology of wear particles. The 
particles at rolling with sliding without the magnetic field are finer than those generated for 
pure rolling. For that reason, as seen in Figure 5.4 (b) and Figure 5.18 (b), wear particles 
under the magnetic field are finer than that produced when the magnetic field is not present. 
Therefore, it can be said that wear particles become finer due to the effect of a magnetic field 
and it is common to both pure rolling and rolling with sliding. 
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Figure 5.17 Surface observations of mild steel discs (10% Slide, Optical Microscope) 
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(d) Wear particles, B=O.4T, N=I x I 0 ) 
Figure 5.18 Surface and wear particles observations of mild steel discs (] 0% Slide, SEM) 
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(e) Surface, B= 1.1 T, N=] xl 0 
(t) Wear particles, B= 1.1 T, N= 1 x 1 0 
Figure 5.18 Surface and wear particles observations of mild steel discs (10% Slide, SEM) 
(Continued) 
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5.3.2 Effect of Magnetic Field Orientation 
Wear amounts for different angles e are shown in Figure 5.19. At 0=0° and 90°, weight 
losses were increased comparing to that for the absence of magnetic field . However, at 0=45°, 
the wear amounts were decreased and the overall trend was lower than that for without the 
magnetic field. 
Nevertheless, as seen in Figure 5.20, surface roughness Ra values in the magnetic field are 
not corresponding to the wear amount. The values for magnetic conditions used were lower 
than that for without magnetic field. For each angle e, the differences between them are small 
and vary around Ra=O.4!1-m. 
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Figure 5.20 Surface roughness of mild steel discs for different angles of e (1 0% Slide) 
Surface observations under the optical mIcroscope for different angles e are shown in 
Figure 5.21. Plastically deformed top layers and stripe marks can be seen for all test 
conditions used and there is not much difference between them. Even SEM observations 
hardly reveal any differences in the surface appearance. The differences in wear particle 
appearances, produced at different magnetic field angles e, are shown in Figure 5.22. At 
angles B=O° and B=45°, finer wear particles were observed. However, at the angle B=90o, thin 
but larger flake shaped particles were observed. Even if compared to wear particles produced 
without the magnetic field their sizes are still larger. This trend is similar to the results 
obtained for pure rolling at different angles e. 
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(a) B=OT, N=l x 106 
Direction ! 
of rolling 
Figure 5.21 Surface observations of mild steel discs for different angles of e (l0% slide; 
Optical Microscope). 
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(b) Wear particles, B=OT, N= I x I 0 
(c) Surface, B= 1. 1 T, 9=0°, N= 1 xl 06 (d) Wear particles, Surface, B=I.IT, 9=0°, N=l x 106 
(e) Surface, B=l.IT, 9=45°, N= lxl (t) Wear particles, B=\.I T, 9=45°, N=\ x l 06 
(g) Surface, B= 1.1 T, 9=90°, N= I x I 06 (h) Wear particles, B= 1. 1 T. 9=90°. N= I x 106 
Figure 5.22 SEM observations of mild steel discs for different angles of e (1 0% slide) 
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5.3.3 Effect of Magnetic Field on Sliding Wear 
Results of rolling and rolling with sliding tests, confmn that the characteristics of pure 
rolling fatigue and rolling with sliding wear were changed due to the effects of the magnetic 
field . However, the wear amounts resulting from magnetic field effects were completely 
different. For instance, wear amount was decreased under pure rolling and increased under 
rolling with sliding. Therefore, tests in the magnetic field under pure sliding were conducted 
in order to evaluate the effect. 
Testing was carried out in the same test apparatus and the same specimens were used. To 
make the specimen slide without rolling, the driven disc was immobilised. Two magnetic field 
densities, B=OAT and 1.1 T, and three magnetic field angles, 0=0°, 45°, and 90° were utilised. 
Other test conditions that is the load on the contact and rotational speed of the dri ving disc 
were the same as for the rolling test. All measurements were taken after 60 minutes of testing. 
The sliding distance corresponding to that test duration was 4200m. To evaluate the effect of 
magnetic field, measurements of weight loss of the driven disc and inspections of the disc 
surface and morphology of wear particles were carried out. 
Figure 5.23 shows that the magnetic field presence and magnetic field density cause the 
increase in wear. Similar trend was observed for rolling with sliding. 
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Figure 5.23 Weight losses recorded dw·ing sliding tests 
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Surface asperities of the driven disc had traces of plastic deformation as evidenced by the 
SEM images shown in Figure 5.24. Pure sliding under the horizontal magnetic field with 
density of B=OAT produced more extensive deformations comparing to rolling with sliding. 
Also, finer wear particles were observed under pure sliding with the magnetic field present. 
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(a) Surface, B=OT 
(c) Surface, B=O.4T (d) Wear particles, B=O.4T 
(e) Surface, B= 1.1 T (f) Wear particles, B= 1.1 T 
Figure 5.24 Surface observations of mild steel discs in sliding tests (SEM) 
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In rolling with sliding tests, wear amount was varied due to the magnetic field direction and 
it was lowest at 0=45°. Figure 5.25 shows the results. Wear amounts were highest at angles 
()=OO and 90°. Lowest wear amount was observed at 0=45° and it was smaller than that 
obtained for the absence of magnetic field. 
Surface and wear particle observations revealed remarkable differences in the size of wear 
particles. As shown in Figure 5.26, largest particles were produced at B=OT and 0=90° when 
magnetic field density B=l.l T. Smallest particles were generated when 0=0° and 9=45° at 
B=1.1T. 
Results obtained from rolling with sliding and pure sliding tests, allow the statement that 
characteristics of wear under these contact conditions are influenced by the direction of the 
magnetic field. At angles 0=0° and 90°, wear amount of the driven disc was increased but 
decreased at the angle 0=45°. However, finer wear particles were observed at 9=0° and 45°. 
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Figure 5.25 Weight losses of mild steel discs at different angles of () (Sliding). 
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(b) Wear particles, B=OT, N= I x I 0 
(c) Surface, B=I.IT, 9=0°, N=lxlO (d) Wear particles, Surface, B= 1.1 T, 9=0°, N= I x I 06 
(e) Surface, B=I.IT, 9=45°, N=lx106 (f) Wear particles, B= 1.1 T, 9=45°, N= I x 106 
(g) Surface, B= 1.1 T, 9=90°, N= I x I 06 (h) WeaJ partic les. B= I. IT. B=90 l ' . ,\'= I :\ I 0
6 
Figure 5.26 Surface observations of mild steel discs at different angles of () (S liding). 
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6.1 Introduction 
This chapter presents likely reasons why a magnetic field affects rolling contact. It is 
organised into five main sections. First a summary of experimental results and their common 
trends is presented. The second section contains discussion of the results. The third section 
presents analysis of the contact conditions without magnetic field using ANSYS. The fourth 
section describes rolling contact characteristics under the magnetic field. And finally the fifth 
section suggests the mechanisms of magnetic field effect on a rolling contact utilizing 
magnetisation and crack initiation model involving dislocation behaviour. 
6.2 Experimentally Observed Effects of the Magnetic Field 
As a summary of results based on various effects of the magnetic field experimentally 
observed: 
1) Wear 
Wear amount of the discs was decreased in pure rolling contact. However, the wear 
amount was increased in rolling with sliding contact. 
2) Surface asperity 
Surface roughness Ra of the discs was reduced and thinner wear particles were 
observed. Thickness of wear particle produced in the presence of magnetic field was 
approximately 51lm while in the absence of magnetic field it was approximately 20llm. 
3) Changes due to the rotational speed and direction of magnetic field 
Effect of magnetic field was less pronounced at lower rotating speeds and was varied 
for 0°, 45°, and 90° magnetic field directions. 
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6.3 Contact Conditions without Magnetic Field 
As mentioned in Chapter 2, the mechanisms of crack initiation at rolling contact are mainly 
classified as surface crack and subsurface crack. From the thin, plate shaped particles 
observed during testing, shown in Figure 5.4, the cracks are supposed to be initiated at 
subsurface. Furthermore, it is accepted that softer materials, such as EN 1 A free cutting steel, 
have tendency to generate subsurface cracks (1). Thus, the cracks created during the tests can 
be assumed to be initiated from the subsurface region and stress status near the surface is 
considered in connection with subsurface crack initiation mechanism. 
To analyse the stress status, the models shown in Figure 4.3 and 4.7 were utilised. The 
contact load on the driven disc P was set to 150N and the tangential load Q, applied to the 
driving disc was varied from ON to 75N. Therefore, the value of Jl, defined by QIP, 
corresponds to 0 and 0.5. 
Contact stress distribution at the centre of the discs and j.F0.3 is shown in Figure 6.1. The 
maximum contact pressure Po for all of the tangential load conditions was 265MPa and it 
corresponds to 1.09o-y for ENIA steel. Comparing the value to the shakedown theory, yield at 
a rolling contact occurs when po= 1. 79 o-y, while the maximum contact pressure in the 
experiments is only 61 % of that value. This means that the maximum contact pressure is not 
sufficiently high to cause yielding. Distributions of von Mises' stress 'R for different 
tangential load conditions are presented in Figure 6.2. It can be seen that the region of the 
maximum value of 'R is moved, gradually, to the surface by applying tangential load. Figure 
6.3 shows ratio of the maximum shear strain-energy and the maximum contact pressure 'Rlpo 
as a function of depth. At the condition of j.F0, the maximum value of the ratio 'Rlpo varies 
from 0.334 to 0.344 and is located at the depth of 40-80!lm. According to the Hertz's theory, 
the maximum value of 'Rlpo is 0.322 at the depth of 63.2!lID. Also, the value of the ratio near 
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the surface was increased by applying tangential load. Specifically, at the condition of j.F0 .5. 
the ratio of TRlpo at the surface and at the depth of 40Jlm was 0.457 and 0.396 respecti vely. 
Therefore, it is considered that the crack initiation point is moved towards the surface due to 
the tangential load. This can be especially true for an unlubricated contact such as that used in 
this study. 
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Figure 6.3 Stress distributions of TR /Po at subsurface and crack initiation points (Pure Rolling) 
On the other hand, for crack initiation and dislocation movement, according to several 
dislocation models described in Section 2.4, dislocation pileup and energy accumulation are 
both needed for crack initiation. Therefore, when dislocations are piled up, crack could be 
initiated. From this viewpoint, Chin (3) explained that at a Hertzian contact, dislocations move 
from the region of strong shear stress gradient towards the region of weak gradient as shown 
in Figure 6.4. Applying this mechanism to the contact condition used in this study, gradient of 
TR along the depth measured from the surface within the contact region and obtained from 
Figure 6.3 is shown in Figure 6.S (a)-(t). It can be seen from the diagrams that there are 
discontinuous points at the depths of about 20f.lm, 40f.lm, and 80f.lm for all conditions. 
Comparing this to the experimental results, at the depth of 20f.lm a possible crack initiati on 
point was observed during testing and corresponds to a discontinuous point at thi s depth. It 
can be suggested, therefore, that dislocations could be piled up at that point. Thus. if crack 
initiation is ruled by dislocation, which, in turn, is controlled the gradient of TR, it could be 
101 
Chapter 6 Discussion 
possible that the crack initiates at the depth of 20J.lm. However, to initiate the crack, fixed 
shear strain-energy satisfying plastic deformation criterion, k=ay/ J3 =O.529po, is needed but 
the value obtained from the analysis was insufficient even if j.FO.5. 
Such differences were also observed in other studies. According to Miyoshi (2), rolling 
contact fatigue occurred even if the amplitude of the maximum contact pressure was below 
the yield point. As possible reasons, he proposed effects of plastic deformation due to surface 
asperity or edge of a disc or residual stress creation within the specimens. 
In order to justify crack initiation at the depth of 20J.lm the argument that maximum contact 
pressure is increased due to the surface roughness or plastic deformation at the edge of the 
disc would have to be accepted. 
Figure 6.4 Distribution of shear stress and pileup of dislocations near the contact surface (3) 
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For the analysis of rolling with sliding contact condition, the same load on the contact as 
that for the pure rolling was applied. Contact stress distribution at the centre of the disc and 
rO.3 is shown in Figure 6.6. The maximum contact pressure Po was 282MPa and it 
corresponds to 1.16a-y, which was 60/0 higher than that for the pure rolling due to the narrower 
contact area. However, this value is still insufficient to cause yielding. Therefore, effects such 
as residual stresses are supposed to be involved. 
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Figure 6.6 Contact pressure distributions of the discs (10% Slide, P=lSON, I-FQIP=0.3 ) 
At the pure rolling condition, crack initiation point is considered to be moved towards the 
surface by a tangential load. As shown in Figure 6.7, this tendency is quite noticeable when 
the driven disc was turned about its vertical axis. Comparing the distribution of von Mises' 
stress obtained for the pure rolling and rolling with sliding, the tendency was clearly observed 
above }F0.3. Therefore, it can be suggested that the crack initiation point was moved towards 
the surface due to the contact condition and this is also confirmed by wear particles 
morphology shown in Figure S.4(b) and Figure S.18(b). 
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Furthermore, as shown in Figure 6.8, using di stribution of TR, the ratio of TR/P O reached 0.50 
above fFO.4 . The plastic deformation criterion, k=ay/ fj =0.529po, suggests a possibili ty of 
crack initiation right below the contact surface. 
For these reasons, it is considered that there was some tangential loading during the 
experiments and that was sufficient to move the maximum strain-energy point towards the 
contact surface. 
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Figure 6.8 Stress distributions of TR /po at subsurface and crack initiation points (10% Slide) 
108 
Chapter 6 Discussion 
6.4 Rolling Contact Characteristics under the Magnetic Field 
Due to effects of the magnetic field, thinner wear particles were observed under all test 
conditions used. The thicknesses produced under with and without magnetic field were 
approximately 5 Jlm and 20Jlm respectively. In connection with finer wear particles generated 
in the presence of the magnetic field, Hiratsuka and Sasada (4) pointed out severe-mild wear 
transition in sliding wear with a magnetic field applied. They argued that strongly oxidised 
wear particles, trapped on rubbing surface due to a magnetic force, protected rubbing surface 
and produced mild wear by remaining on the surface. 
The wear particles observed in this study are flat and thinner than those produced by the 
severe-mild wear transition where crushing action is involved. Their shape and size seem to 
be directly linked to the movement of the crack initiation location towards the contact 
interface resulting from the presence of the magnetic field. If finer particles were spread over 
the surface due to crashing, the evidence of that would have been seen through the particle's 
shape. However, there was no evidence of that in SEM observations. The same conclusion can 
be drawn from surface observations with the help of the optical microscope. Therefore, it is 
justified to say that wear particles were generated due to subsurface cracks located at the 
depth of about 5Jlm as schematically shown in Figure 6.9. 
Wear amount trends were different for the two rolling contact conditions used. However, by 
considering the thicknesses of wear particles together with the total wear amount, the 
tendencies for different contact conditions can be clarified. 
The total wear amount can be calculated by multiplication the number of wear particles and 
the size of the particle. To put it simply, it is assumed that wear particles in this study are 
generated with a fixed thickness due to the presence of the magnetic field and the size of the 
particles is depended on their thickness. Hence, the wear amount is determined by 
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multiplication of the number of wear particles and the thickness of a wear particle. 
For instance, as shown in Figure 6.8, the crack initiation location is considered to 
correspond to the thickness of a particle, that is 20~m in the absence of the magnetic field and 
5Jlm in the presence of the magnetic field. Differences in crack initiation location result in 
differences in the particles' volume and the number of cycles required to detach the particle. 
When a wear particle is detached from the surface, a crack initiated at the shallower location 
would be shorter than that initiated at the deeper location. Thus, by evaluating the number of 
cycles required to detach one layer, the effect of magnetic field can be explained. Equation 
(6.1) is used to calculate the number of cycles required. 
Crack with magnetic field 
Surfacl::e __ ----:;r---:i~--_---~ 
--- 7~ 
-===:d=::::::f::::::::::::;;:'" 
Crack without magnetic field 
Figure 6.9 Differences in crack initiation points at subsurface with and without magnetic field 
n= NpTCdat (6.1) 
W 
where: 
n - Number of cycles to detach one layer 
W - Wear amount [mg] 
N - Number of cycles to wear W 
p - specific gravity of the disc (=7.85 [mg/mm3]) 
t - Thickness of wear particle 
(20[~m] at without magnetic field and 5[~m] with magnetic field) 
d - Diameter of the disc (=50 [mm]) 
a - Thickness of the disc (=4 [mm]) 
By applying Equation (6.1) and utilising measured, accumulated weight losses shown in 
Figure 5.l and Figure 5.14, the number of cycles n under different contact and magnetic 
conditions can be estimated. Figure 6.10 shows that applying magnetic field resulted in 
reduced n and the trend was the same for the two different kinematic contact conditions used. , 
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For the pure rolling without magnetic field n = 3.8x 105 and for the magneti c fi elds n is equal 
to 1.2xl05 at B=OAT and l.5x105 at l.1T. For rolling with sliding, n values were furth er 
reduced to 2.5x 1 04 at B=OA T and 1.5x 104 at 1.1 T. In the absence of the magnetic fi eld and the 
same kinematic contact conditions, n is equal to 8.7xl04. Therefore, it can be concluded that 
the wear particles were detached easier due to the effect of the magnetic field under both 
kinematic contact conditions used. 
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Figure 6.10 Cycles to generate wear particles with and without magnetic field 
As a result, it is concluded that the number of cycles required to generate wear particles is 
shortened by the magnetic field effect and the tendency is the same for the two different 
contact conditions. Therefore, it is suggested that the differences in observed weight losses are 
due to the size of the particles. At pure rolling and the presence of the magnetic field wear 
particles were much smaller than that produced in the absence of the magnetic field so that the 
weight losses were reduced even though the number of cycles required to generate the 
particles was decreased. On the other hand, during the rolling with sliding, the particles were 
not so small when compared to the particles produced in the absence of magneti c fi eld and, 
therefore , the wear amount increased. The number of cycles to generate wear particles, shown 
in Figure 6.10, includes complete process leading to the detachment of wear parti cles, that is, 
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to initiate the crack, to propagate it to a critical length and to detach the particle. The 
differences for each of the process stages are not reflected in the calculations. 
However, considering the depth of around 5Jlm, at which supposedly by crack initiation 
took place, the maximum shear strain-energy TR at that depth was even less than that in the 
absence of magnetic field and corresponds to the minimum value of TR at ,u=O.3 in Figure 6.3. 
These results mean that the crack initiates after a low number of cycles and a low maximum 
shear strain-energy is required due to the effect of the magnetic field. Therefore, the following 
can be assumed: 
(l) Increase in the load conditions resulting III alternation of energy status due to 
magnetisation 
(2) Decrease in the strength of a specimen producing alternation of material properties due 
to magnetisation 
In the next section, the mechanisms of magnetic effect are elaborated taking into account: 
(1) Magnetisation of the specimen and its energy status. 
(2) Connection between the contact stress and the magnetisation status. 
(3) Relation of various test conditions to the magnetic field effects. 
6.5 Mechanisms of Magnetic Field Effect in Rolling Contact 
6.5.1 Magnetisation of the Specimen and its Energy Status 
(l) Magnetic status without magnetic field 
As described in Section 3.2, magnetic domains have a tendency to be divided into many 
thin domains to minimize the total energy when no external magnetic field exists. The total 
energy per area is expressed as (5): 
(6.2) 
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e - Total energy 
em- Magnetostatic energy 
eex- Exchange energy 
ea - Anisotropy energy 
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These energies are expressed as functions of the thickness of domains by Equations (6.3) and 
(6.4). 
21; d ~ 1 r. ( 1£ ) 
ern = 2 ~-2-1 sllln - xdx 
1£ flo n=1 n d d 
I (JS 21l2 ) 
eex +ea =- 2 +KNa daN 
where: 
Is - Saturation magnetisation 
d - Thickness of domain 
J-Lo- Permeability of vacuum (=41tXl07) 
I - Thickness of the crystal 
J - Exchange integral 
S - Total spins quantum number 
a - Lattice constant 
N - Number of atoms in a domain wall 
K - Anisotropy constant 
(6.3) 
(6.4) 
To understand the magnetic status of the driven disc, distribution of magnetic domain walls 
is estimated by applying the above equations. For the estimation, the case of 1800 domain 
walls are considered as a typical model, schematically shown in Figure 6.11, is considered to 
represent the driven disc at 1=4xl0-3m of thickness. Saturation magnetisation Is is applied as 
1. 93 T for EN 1 A steel and other constants are applied with values of Fe, J=2.l6x 10-21 , S= 1, 
N=150 and K=4.2xl04. The thickness of the domain is obtained by substituting these values 
into Equations (6.3) and (6.4) is 3.98xl0-6m. Thus, it can be conjectured that domain walls in 
the driven disc nearby the contact region exist at intervals of several microns when no 
magnetic field is applied. 
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Figure 6.11 1800 magnetic domain wall model in the specimen 
(2) Magnetic status under magnetic field 
According to ANSYS analysis, obtained magnetic densities nearby the contact surface for 
the two types of permanent magnets used are 0.08T and 0.02T. Therefore, magnetisation of 
specimen is considered to be in a weak domain wall displacement status, because inclusions 
or dislocations probably restricted the displacement. Therefore, rotation magnetisation and 
magnetostriction can be ignored under this condition. 
Table 6.1 Magnetic fields analysis results 
Type of magnets Br [T] B[T] H[Alm] 
Rare earth magnets 1.1 0.08 80 
Ferrite magnets 0.4 0.02 25 
Due to magnetisation, domain walls require energy to displace in order to expand magnetic 
domains therefore turn to the magnetic field for energy, which is given by Equation (3.4). The 
value obtained for rare earth magnets by substituting Is =1.93T for ENIA steel and H=80AJrn 
IS: 
I'lU m = 2IsH cosB=2xl.93[T] x80[Alm]=309.2[J/m3] 
where: 
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B - Angle between the magnetic field direction and the easy direction (assumed to be at 
()=OO). 
Knowing that domain walls are pinned by dislocations, it can be guessed that domain walls 
move with dislocations and the energy for magnetisation stored up at domain walls is also 
varied with them. Therefore, it can be considered that the dislocation movement determines 
movement of domain walls. It can also be estimated after Makar (6) that characteristic of 
magnetisation of steel is influenced by the amount of carbon and stress. In consequence, it is 
necessary to know the behaviour of dislocations in the vicinity of the contact region. 
6.5.2 Connection between the Contact Stress and the Magnetisation Status 
Assuming that crack initiates at the depth of 5 Jlm under the magnetic field, as described in 
Section 6.3, it can be supposed that dislocations have a tendency to pileup to the surface due 
to lower Tmax gradient nearby the surface. However, to initiate the crack, energy accumulation 
to cause plastic deformation is needed. Considering the crack initiation model in the rolling 
contact under the magnetic field, dislocations nearby the contact region are supposed to be in 
domain wall, which are given energy due to magnetisation. Therefore, when dislocations are 
piled up at the depth of around 5 Jlm, it is likely that crack would be initiated there due to 
magnetisation. 
To examine the feasibility of crack initiation model with the magnetic field, energy status at 
the subsurface region has to be estimated. Mean distance between dislocations is 
approximately 1-IOJlffi at dislocation density of 10-10_10-12 and domain wall is about 100-200b 
(where b is lattice constant, b=2.8x10- lOm for Fe) and it corresponds to 0.03-0.04~m. 
Schematic model for the relation between dislocations and domain walls in position is shown 
in Figure 6.12. 
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Figure 6.12 Relation between dislocations and domain walls in position 
As described in previous section, due to the magnetic field , energy for magnetisation is 
accumulated in domain walls under the test conditions used and it is estimated to be about 
300J/m3. Thus, assuming that a Imm x 4mm area of domain wall lies at the depth of 5~m in 
the subsurface, the energy is estimated to be: 
300 [J/m3] x 1 x 10-3 [m] x 4 x 10-3 [m] x 0.03-0.06 x 10-6 [m] = 3.6-7.2xlO-11 [1] 
On the other hand, thermally activated process is considered as a factor to help dislocation 
movement. As described in Section 2.4, thermally activated process represents activation 
energy due to thermal vibration of the lattice and supplied as external work to make a motion 
of a dislocation. The value is about 4x 1 0-21 J in room temperature and 1.8x 10-2oJ even if 
T=1300K (7). Comparing the process to the energy accumulation in domain wall due to 
magnetisation, the value of the activation energy could be sufficient to activate dislocation 
motion, even if a very small quantity is provided. 
In addition to the effect of magnetic field on the behaviour of di slocations, stress relaxation 
effect according to Jones (8) is the reason for dislocation velocity enhancement effect. 
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6.5.3 Magnetic Field Effects under Various Test Conditions 
(1) Effect of rotational speed 
Test results obtained at two different rotational speeds indicate that the effects of magnetic 
field at the lower speed were weaker than that at higher rotational speed. The effect of sliding 
velocity on adhesive wear was explained by Muju (9) who argued that under the magnetic field 
influence, the time to saturation of dislocation density will be shortened in regions of plastic 
deformation as shown in Figure 6.13. It can be assumed that a similar phenomenon is taking 
place also in rolling contact. However, surface roughness measurements indicate that the 
value of Ra in the presence of the magnetic field and lower rotational speed was closer to that 
obtained in the absence of the magnetic field and higher rotational speed rather than to that 
obtained for the absence of the magnetic field. Therefore, it can be suggested that the crack 
initiation mechanism for both rotational speeds is the same even though wear amount is 
different. 
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Figure 6.13 Trend in dislocation densities under magnetic and without magnetic conditions (9) 
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(2) Effect of slip 
The effect of magnetic field on rolling with slip is the same as for the pure rolling judging 
by the shape of wear particles and the number of cycles required to generate wear particles. 
Experimental results allow to say that the effect of magnetic field on wear amounts at 
different rolling contact conditions can be interpreted, as argued in Section 6.4, by the product 
of the thickness of the particle and the number of cycles required to generate the wear particle. 
The reason for the differences in the particle sizes observed under the contact conditions used 
is mainly considered in terms of the stress status. As shown in Figure 6.14, the value of TR/P O 
near the surface under rolling with sliding condition is higher than that for the pure rolling 
when a tangential load is applied and this fact suggests the reason. Similar mechanism is also 
considered to apply for pure sliding as evidenced by the experimental results. This is 
supported, for instance, by Chin and Zaidi ( 10) observations that cracks in the subsurface 
region were generated in sliding contact. 
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Figure 6.14 Comparison of TR /po in different contact conditions 
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(3) Effect of magnetic field orientation 
It is apparent from the tests carried out at different magnetic field orientations and different 
contact conditions, that the magnetic field angle of 8=90° produced different effects compared 
to those obtained at 8=0° and 45°. Therefore, demagnetising field effect is considered. As 
described in Section 3.4, demagnetising field is a magnetic field inside of ferromagnetic body, 
which is opposite to magnetisation. Therefore, demagnetising field acts as resistance for 
magnetisation. Demagnetising factor N determines the amplitude of demagnetising field and 
the shape of specimen decides the value. For instance, a disc shape, as shown in Figure 6.15, 
has demagnetising factor N=1 for the thickness direction and 0 (5). Introducing this factor into 
experimental results, it is proposed that at the magnetic field orientation angle 8=90° 
magnetisation of the driven disc is considerably weakened and, therefore, different results 
were observed. 
N=1 
(Hard to magnetise) 
N=O 
(Easy to magnetise) 
. .. f: .J:. d· h (5) FIgure 6.15 DemagnetIsIng actors lor a ISC s ape 
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7.1 Conclusions 
An experimental investigation using the two-disc machine has been carried out to evaluate 
the effect of horizontal magnetic field on rolling contact of steel discs operating under 
different contact conditions and to elucidate a possible mechanism for crack initiation under 
the influence of magnetic field. In order to suggest the subsurface crack initiation model at a 
Hertzian contact with magnetic field, magnetisation of ferromagnetic substance and its 
connection to energy status was also investigated. 
A. Observed effects of magnetic fields on rolling contact performance 
(1) Subsurface crack initiation points 
Wear particles produced in a series of experiments under horizontal magnetic field had a 
thickness of about 5 ~m. It can be therefore postulated that the subsurface crack initiation 
point was moved toward surface due to magnetic field presence. The difference is also 
reflected in surface roughness. 
(2) Wear particles generation cycles 
Number of cycles required to generate wear particles are decreased due to the magnetic 
field influence on crack initiation location. This tendency was more pronounced under rolling 
with sliding condition. 
(3) Wear amount 
Wear amount of the discs was determined by the factors mentioned above. In this study, it 
was decreased in pure rolling contact and increased under rolling with sliding conditions. 
(4) Effect of rotational speed 
The effects of magnetic field at the lower rotational speed were weaker than that at higher 
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rotational speed. 
(5) Effect of the magnetic field orientation 
Wear amounts and the state of surface roughness were both affected by different magnetic 
field orientations. For that reason, the effect of demagnetising field depending on the 
specimen's shape is considered. At magnetic field orientation angle, B=90°, demagnetising 
field acted as resistance for magnetisation and the overall effects were weakened. 
B. Subsurface crack initiation model in magnetic field 
Subsurface crack initiation model, accounting for the presence of magnetic field, is 
proposed utilizing (l) magnetisation status of the specimen and (2) dislocation status at the 
contact region. 
(1) Magnetisation status of the specimen 
Magnetisation status of the specimen nearby the contact region, obtained from FE analysis, 
suggests that domain wall displacement is restricted by inclusions such as dislocations. 
Therefore, it can be supposed that the domain walls within contact region migrate with 
dislocations movement. 
(2) Dislocation status within the contact region 
Assuming that dislocation movement is determined by the gradient of shear stress, 
dislocation pileup could occur close to the surface and might coincide with the shift in crack 
initiation point due to the magnetic field presence. Therefore, the increase in magnetic domain 
walls is due to magnetisation and the move towards the contact surface with dislocations piled 
up by the shear stress gradient. In addition, the value of the magnetisation energy accumulated 
at the domain walls is large enough to compare to the energy due to thermally activated 
process and it is possible to consider that the magnetisation energy helps the dislocation 
pileup. As a result, cracks are initiated at the depth of about 5 f.lm from the surface even if von 
Mises' shear strain-energy criterion at this location is not fulfilled on its own to cause crack 
122 
Chapter 7 Conclusion and Future Work 
initiation. 
7.2 Recommendations for Further Work 
The effect of horizontal magnetic field on rolling contact was investigated experimentally 
and the crack initiation model in the magnetic field suggested. However, to understand and to 
explain the effect further, the following is recommended. 
(1) Magnetic conditions 
The magnetisation status created in the experiments affected wear but domain wall 
movement was restricted by inclusions. A stronger magnetic field could be used so that 
domain walls are freed from inclusions and rotation magnetisation status is created. 
(2) Stress conditions 
From the investigation, crack initiation points are considered to vary from about 20J.!m to 
5 J.!m due to the magnetic field effect. However, the crack initiation point without magnetic 
field is different from the point suggested by von Mises' shear strain-energy criterion. 
Therefore, although the crack initiation model in the magnetic field suggests a link between 
the magnetic field energy status and the stress field energy status and explains the tendency 
of the experimental results produced in this study. This link is not fully explained and 
elaborated. 
To elaborate the mechanisms in detail, the following should be considered. 
(1) The cycle to initiate crack and crack propagation in magnetised specimen 
(2) Dislocation movement and crack initiation model under stress field 
(3) Domain wall movement model accounting for its energy status due to magnetisation 
At the present time, there are several numerical techniques available to solve each of these 
problems, for example, molecular dynamic simulation for dislocation movement and 
micromagnetic model to describe magnetisation process inside a domain wall. To utilize these 
techniques, understanding of the mechanism governing magnetisation energy effect on 
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dislocation movement is required. 
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Appendix A A History of Wear and Fatigue Tests in Magnetic Fields 
Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
1977 M.K. Muju A model of Wear 41 Tool wear HSS/MS DC Electromagnet 78 10 (1) Wear in magnetic field 
A. Ghosh adhesive wear in (1977) Pin / MS / Brass 125-400 [Oe] - - HSS / MS: Decreased 
the presence of a 103-116 Cylinder (Job / Tool) The tool (or pin) is 157 140 MS / Brass: Increased 
magnetic field - I Brass / MS magnetised. [N] [m/min] Brass / MS: Decreased 
Ni / Brass Ni / Brass: increased 
(Pin / (2) Yield stress of MS is lowered 
Cylinder) by magnetisation 
1979 M.K. Muju A model for cross Wear 53 Tool wear MS/ Al DC Electromagnet 78 10 (1) Wear in magnetic field 
A. Ghosh diffusion across a (1979) 35-42 Pin / HSS / Brass 125-250 [Oe] - - MS / AI: Increased 
sliding contact in Cylinder (Job / Tool) The tool (or pin) is 157 180 HSS / Brass: Increased 
the presence of Fe / Brass magnetised. [N] [m/min] Fe / Brass: Increased 
magnetic field Brass / MS Brass / MS: Varied by velocity 
(Pin / Decreased at 10-70 [m/ min] 
Cylinder) Increased at 70-100 [m/min] 
1980 M.K. Muju Wear of non Wear 58 Pin / Brass / MS DC Electromagnet 98 [N] 10 (I) Wear in magnetic field 
A. Radhakrishna magnetic materials (1980) 49-58 Cylinder SUS / MS 125-250 [Oe] - Brass / MS: Varied by velocity 
in the presence of a (Pin / The tool (or pin) is 150 ss / MS: Varied by velocity 
magnetic field Cylinder) magnetised. [m/min] (2) Wear in magnetic field was 
1980 M.K. Muju Effect ofa Wear 58 determined hy hardncs, ratio and 
A. Ghosh magnetic field on ( 1980) rubbing vclocity 
the diffusive wear 137-145 
I of cutting tools 
I 
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--
Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
1986 K. Hiratsuka The magnetic Wear Pin I Disc Ni/Ni DC Electromagnet 9.8 5-500 (1) Severe-mild wear transfer 
T. Sasada effect on the wear 110(1986) Fe IFe 4400 [Oe](Horizontal) - [mm/s] with magnetic field in air 
S. Norose of metals 251-261 (Pin I Disc) 3700 rOe ] (Vertical) 15.9 (2) Severe wear but lowered Il 
[N] and wear in N2 and Ar gas 
atmosphere with magnetic 
field. Large sphere particles 
were observed at the 
conditions. 
1987 Y. Yamamoto Effect of a magnetic Tribology 
S.Gondo field on boundary International, 20 
lubrication (1987) 342-346 
1993 I.K. Bhat Possible effects of Int J Fatigue 15 Fatigue MS DC Electromagnet 175 Fatigue life was decreased due 
M.K. Muju magnetic fields in No.3 (1993) (Stage 2) 0-7.5 [A] [MPa] to the magnetic field. 
P.K. Mazumdar fatigue 193-197 
1993 K. Hiratsuka Wear of metals in a Wear 60 Pin I Disc Cui Fe DC Electromagnet 9.8 204 ( 1) Wear in magnetic field 
T. Sasada magnetic field (1993) Zn I Fe 3700 [Oe](Vertical) [N] [mm/s] CulFe: Severe-mild transfCr 
119-123 (Pin I Disc) ZnlFe: Wear was increased 
1993 K. Kumagai, Study on Wear 162-164 Pin I Rotor Ni I Steel DC Electromagnet 1-3 5-30 ( 1) Wear was decreased due to 
K. Suzuki reduction in wear (1993) (Pin I Rotor) 0.6-1.2 [mT] [N] [m/min] the magnetic field 
O. Kamiya due to 196-201 Vertical to the rubbing (2) Smaller and sphere wear 
magnetization surface particles were observed. 
(3) Oxidation was increascd 
due to magnetic field_ 
i ____ 
--------- -------- ~--~- -- ---'------ --- -
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Appenavc A A History oj Wear and Fatiglle Tests in ,\/agflc'tic' Fields 
-
Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
1995 D. Paulmier Steel surface Surface and Pin I Disc Steel I Steel DC Electromagnet 0-10 0-1.5 (1) Il was lower and stable 
H. Zaidi 'modifications in Coatings 0-45000 [Aim] [N] [m/s] under the magnetic fields 
R. Bedri magnetised Technology (Vertical) (2) Wear and Ra were 
E.K. Kadiri sliding contact 76-77(1995) decreased due to the magnetic 
L.Pan 583-588 fields 
Q. Jiang (3) Oxidation and Hv were 
increased due to the magnetic 
fields 
i 
(4) These effects were 
remarkable at above H=2x I 03 
Aim 
1995 H. Zaidi Influence of a Wear 181-183 Pin I Disc Ni I Steel DC Electromagnet 0-10 0-1.5 (I) Il was lower and stable 
L. Pan magnetic field on (1995) (Pin I Disc) 0-50000 [Aim] [N] [m/s] under the magnetic fields 
D. Paulmier the wear and 799-804 (Vertical) (2) Wear was decreased due to 
F. Robert friction the magnetic fields 
behaviour of a (3) Hv was increased due to 
nickellXC48 the magnetic fields 
steel couple (4) These efkcts were 
remarkable at above H=2" 1 01 
I 
Aim 
, 
! 
~- -
- ---
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Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
1996 M.El Mansori Surface modifications Surface and Pin I Disc Cu I Steel DC Electromagnet 0 0-5 ( 1) Wear was increased due to 
H. Zaidi of a non- ferromagnetic Coatings (Pin I Disc) 0-45000 [Aim] - [m/s] the magnetic fields 
E.K. Kardiri copper/ferromagnetic Technology 10 (2) Oxidation and Hv were 
D. Paulmier steel XC48 couple in 86-67( 1996) [N] increased under the magnetic 
magnetized sliding 511-515 fields 
contact 
1998 M.EI Mansori Role of transferred Surface and Pin I Disc Steel! Graphite DC Electromagnet 5 [N] 1 [m/s] (1) 11 was lowered in air and 
M. Schmitt layers in friction Coatings (Pin I Disc) 0-60000 [Aim] increased in Ar & vacuum. 
D. Paulmier and wear for Technology (2) Wear was decreased in air and 
magnetized dry 108-109(1998) increased in Ar & Vacuum 
frictional 479-483 (3) Oxidation was increased in air. 
applications (4) Steel was transformed to 
graphite in Ar & vacuum. 
1998 Y. Fahmy Effects of a pulsed Scripta Fatigue Plain carbon Magnetic pulse 360, Fatigue life was increased by 
T. Hare magnetic treatment Materia 38 (tensile) steel 360 rOe], 14 [Hz] 422 pulsed magnetic treatment. 
R.Tooke on the fatigue of (1998) [MPa] 
H. Conrad low carbon steel 1355-1358 
1999 M.EI Mansori Influence of magnetic Surface and Pin! Disc Aluminium alloy DC Electromagnet 3.4 0.67 (I) 11 was lower and stable 
M. Schmitt field on surface Coatings /0.48% C steel 0-45000 [Aim] [N] [m/s] under the magnetic field. 
D. Paulmier modification and Technology (Pin! Disc) (Vertical) (2) Wear and Hv were 
friction behaviour of 120-121(1999) increased due to the magnetic 
sliding couple 653-658 field. 
aluminium / XC48 steel (3) Oxidation was promoted 
._---
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Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
1999 M. El Mansori Lubrication Wear 225-229 Pin I Disc Steel/Graphite DC Electromagnet 2 I [mls] (1) Lower /-l with the magnetic 
D. Paulmier mechanisms of a (1999) (Pin I Disc) 0-60000 [Nm] - fields 
J. Ginsztler sliding contact by 1011-1016 (Vertical) 7 (2) Rough and disoriented 
M.Horvath simultaneous action DC electric current [N] surface at 3N but smooth and 
of electric current 0-25 [A] oriented surface at 7N under 
and magnetic field the magnetic fields 
1999 M. E1 Mansori Effects of selective Applied Surface Pin I Disc Steel I Graphite DC Electromagnet 5 [N] 1 [mls] (1) Oxidation is promoted 
D. Paulmier transfer on friction and Science 144-145 (Pin I Disc) 0-60000 [Nm] with the magnetic field 
wear of magnetised (1999) 233-237 (2) Hv is decreased 
steel-graphite sliding 
couples 
2000 K. Sato The effect of Wear 241 Ball I Plate Steel I Steel Permanent magnet 40 50 ( I) Wear is increased but /-l is 
T.A. Stolarski magnetic field on (2000) 99-108 (Fretting) 0.01,0.13 [T] - [Hz] not changed under the 
Y.lida fretting wear (Vertical) 100 0.1 magnetic field. 
[N] [/-lm] (2) Abrasive wear is promoted 
by O2 with magnetic field 
I 
2001 K.J. Chin Tribological Wear 250 Pin I Disc Steel I Steel AC Electromagnet 62.85 0.38 (1) /-l was higher and stable 
H. Zaidi behaviour and (2001 ) 50Hz, 0-8000 [Nm] [N] [m/s] under the magnetic field. 
M.T. Nguyen surface analysis of 470-476 (Vertical) (2) Wear was decreascd 
P.O. Renault magnetized (3) Oxidation and f I v wcrc 
sliding contact increased 
XC48 steel I (4) Subsurnlcc crack was 
XC48 steel observed with magnetic lieiLl 
... -
---
-
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Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
2001 H. Zaidi, Analysis of surface Surface and Pin / Disc Steel/Steel AC Electromagnet 62.85 0.38 ( 1) Higher f.l but less wear 
K.J. Chin and subsurface of Coatings 50Hz, 0-8000 [AIm] [N] [m/s] with the magnetic field. 
J. Frene sliding electrical Technology (Vertical) (2) Higher f.l and more wear 
contact steel/steel in 148 (2001) DC electric current with the magnetic field and 
magnetic field 241-250 0-10 [A] electric current. 
2003 MEl Mansori Reduction of tool Surface and Tool wear Steel/Steel DC Electromagnet Feed Speed ( I) Wear of tool was decreased 
F. Pierron wear in metal Coatings 0-70000 [AIm] 0.1125 20-51 with the magnetic field 
D. paulmier cutting using Technology [mm/rev] [m/min] (2) Surface of the tool was 
external 163-164 modified to finer with magnetic 
electromotive (2003) field. 
sources 472-477 (3) Temperature of the tool was 
increased with the magnetic field, 
(4) The trends were remarkable 
above:3x I 01 Aim 
2003 O. Bataineh Effect of pulsed Journal of Drill wear Steel/Steel Magnetic pulse ( 1) Wear of the drill was 
B. Klamecki magnetic Materials 360 [G], 10 [Hz 1 reduced by magnetic treatment 
B.G. Koepke treatment on dri 11 Processing 100 [G], 100 [Hz] (2) Thrust force was reduced 
wear Technology 134 (3) Temperature of the drill 
(2003) 190-196 was increased. 
2003 H.Y. Bi Wear of medium carbon Material Ring / Block Steel/Steel Nd-Fe-B permanent 30 200 (I) Wear and /-t were reduced with 
Z.J. Wang steel in the presence of Letters 57 magnet [N] [rpm] the magnetic fields 
Nd-Fe-B permanent (2003) 45,193 [mT] (2) Smoother surface and mon: 
magnetic field 1752-1755 oxidised particles were observed 
------
-------
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Year Authors Title Source Contact Material Magnetic field Load Velocity Results 
2004 MEl Mansori Improving surface Surface and Tool wear Steel/Steel DC Electromagnet Feed 1 ( 1) !J. and cutting ratio were 
V.lordache wearing of tools by Coatings 0-30000 [Aim] 0.1 [m/min] decreased but shear strain and 
P. Seitier magnetization Technology [mrnlrev] Hv were increased with the 
D. Paulmier when cutting dry 188-189 magnetic field. 
(2004) (2) Irregular shape of cutting 
566-571 chips were observed when 
applying the magnetic fields. 
2005 K.J. Chin Oxide film formation Wear 259 Pin / Disc Steel/Steel DC Electromagnet 60 0.38 (1) Oxide layer was formed on 
H. Zaidi in magnetized sliding (2005) 477-481 0-18000 [Aim] - [m/s] the rubbing surface with the 
T. Mathia steel/steel of the 240 magnetic fields. 
contact stress field [N] (2) Wear was decreased and 
and film failure mode stabilised with the magnetic 
fields. 
---- - --
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Appendix C Surface Observations in SEM 
..... 
Pure Rolling, B=OT, N=3xlO 
Pure Rolling, B=OT, N=5x \ 0) Pure Rolling, B=OT, N=\ x \ 0 
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Appendix C Surface Observations In SEM 
Pure Rolling, B=OT, N=4x lO 
Pure Rolling, B=OT, N=4x 10 
Pure Rolling, B=O.4T, N= I x 10 
Pure Rolling. B=O.4T, N=5x 10) Pure Rol ling. B=O.4T. N= Ix I 0 l 
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Appendix C Surface Observations in SEM 
Pure Rolling, B=O.4T, N=5 xlO 
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Appendix C Surface Observations In SEM 
Pure Rolling. B=I.1 T. N=3.5x I 0 
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Appendix C Surface Observations in SEM 
143 
Appendix C Surface Observations in SEM 
Pure Roll ing, B= 1.1 T, 8=45°, N= 1 x l 06 
Pure Rolling, B= 1. IT, 8=45°, N= I x I 
Pure Rolling, B=I . I T, 8=45°, N=lx 106 
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Appendix C Surface Observations In SEM 
Pure Rolling, B= 1.1 T, 8=45°, N=5x lOs 
Pure Rolling, B= 1.1 T, 8=45°, N= I x I 06 
Pure Rolling, B=1.1 T, 8=45°, N=3x I 06 
Pure Roll i ng. B= I . IT. 8=90°. N= I x I 06 
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Appendix C Surface Observations in SEM 
Pure Rolling, B= 1.1 T, 8=90°, N= I x I 06 
Pure Rolling, B=I.I T, 8=90°, N=I x 106 
Pure Roll ing, B= 1.1 T, 8=90°, N=5x I 0 
Pure Rolling, B=I.IT, 8=90°, N=5 x10 
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Appendix C Surface Observations in SEM 
Pure Rolling, B=1.1T, ~90°, N=l x 106 
Pure Rolling, B= 1. 1 T, ~90°, N= I x I 
Pure Rolling, B=I . IT, ~90°, N=l x lO 
Pure Rolling. B= 1.1 T. ~90°. N=3x I 06 
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Appendix C Surface Observations In SEM 
Rolling with Sliding, B=OT, N=l xl 0 
Rolling with Sliding, B=OT, N=I x I 0 
Rolling with Sliding, B=OT, N= I x 10 
Rolling with Sliding, B=O.4T, N= I x 1 0 
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Appendix C Surface Observations In SEM 
Rolling with Sliding, B=O.4T, N=I x 1 0 
Rolling with Sliding, B=O.4T, N= 1 x l 0 
Rolling with Sliding, B=O.4T, N=l x iO 
Rolling with Sliding, B= I. IT, N= lx 106 
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Appendix C Surface Observations In SEM 
Rolling with Sliding, B= 1.1 T, N= I x I 
Rolling with Sliding, B= 1.1 T, N= I x I 0 
Rolling with Sliding, B= 1.1 T, N= 1 x I 
Rolling with Sliding. B= 1.1 T. 9=45°, N= I x I 06 
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Appendix C Surface Observations in SEM 
Rolling with Sliding, B= 1.1 T, 0=45°, N= I x 1 06 
Rolling with Sliding, B= 1.1 T, 0=45°, N= I x I 06 
Rolling with Sliding, B= 1.1 T, 0=45°. N=5x 10 
Rolling w ith Sliding, B= 1.1 T. 0=45°. N= I x I 0 
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Appendix C Surface Observations in SEM 
Roll ing with Sliding, B= 1.1 T, 9=90°, N= I x I 06 
Rolling with Sliding, B=l.IT, 9=90°, N=l xl06 
Rolling with Sliding, B= 1.1 T, 9=90°, N= I xl 0 
Rolling with Sliding, B= 1.1 T. 9=90°, N=5x 10' 
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Appendix C Surface Observations in SEM 
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Appendix C Surface Observations In SEM 
Sliding, B=OT 
Sliding, B=OT 
Sliding, B=O.4T 
Sliding. B=O.4T 
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Appendix C Surface Observations In SEM 
Sliding, B=O.4T 
Sliding, B=O.4T 
Sliding, B= 1.1 T 
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Appendix C Surface Observations in SEM 
Sliding, B= 1.1 T 
Sliding, B=1.IT 
Sliding, B= 1.IT 
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Appendix C Surface Observations In SEM 
Sliding, B=l.l T 45deg 
Slid ing, B= I. 1 T 45deg 
Sliding, B= 1.1 T 45deg 
Sliding. B=I.I T 45deg 
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Appendix C Surface Observations In SEM 
Sliding, B= 1.1 T 90deg 
Sliding, B=l.l T 90deg 
Sliding, B= 1.1 T 90deg 
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Appendix C Surface Observations in SEM 
---.,.~~~ 
B= I. 1 T 90deg 
Sliding, B=l.l T 90deg 
159 
Appendix D Stress Distributions Produced by FE Analysis 
(1) Pure rolling 
(a) j.F0 (}()=267 MPa 
(c) p=0.2 Oi)=262 MPa 
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Figure D-31 Contact pressure distributions p(x) in the depth Z [J..lm] from the surface 
(10% Slip, !F0.2) 
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Figure D-32 Shear stress distributions ' zx in the depth Z [J..lm] from the surface (10% Slip, !FO ) 
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Figure D-33 Von Mises' stress distributions 'R in the depth Z [J..llll] from the surface 
( 10% Slip, !F0 .2) 
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Figure D-34 Contact pressure distributions p(x) in the depth Z [).lm] from the surface 
(10% Slip, J-F0.3) 
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Figure D-35 Shear stress distributions I zx in the depth Z [).lm] from the surface (10% Slip, J-F0.3) 
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Figure D-36 Von Mises ' stress distributions I f{ in the depth Z [11m] from the su rface 
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Figure D-37 Contact pressure distributions p(x) in the depth Z [~m] from the surface 
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Figure D-38 Shear stress distributions Tzx in the depth Z [~m] from the surface (10% Slip, J,FOA) 
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Figure D-39 Von Mi ses ' stress distr ibut ions TR in the depth Z [~m] from the surface 
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Figure D-40 Contact pressure distributions p(x) in the depth Z [!-lm] from the surface 
(10% Slip, ,lFO.S) 
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Figure D-41 Shear stress distributions TLX in the depth Z [!-lm] from the surface (10% Slip, ,lFO.S) 
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Figure D-42 Von Mises' stress distributions TN in the depth Z [!-lm] from the surface 
( 10% Sl ip, ,lFO,S) 
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